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Preface 


Between the late eighteenth and early nineteenth centuries, forensic medicine pro- 
grams began to emerge throughout Europe and established the academic discipline 
of forensic medicine based on actual practice. However, forensic medicine in Japan 
belongs to the discipline of basic medicine, which requires preclinical education; 
consequently, the discipline 1s increasingly and excessively moving away from per- 
forming autopsies, a key element of forensic medicine. Meanwhile, experiments on 
animal models are prominent, especially among young researchers, due to the ease 
of conducting research and the likelihood of the resulting manuscript being accepted 
for publication in academic journals. Many researchers have negative opinions 
about data from human studies claiming that there are differences when comparing 
the data with experimental findings from animal models. The ability and skills 
required to accurately examine autopsy findings are at the core of forensic medical 
practice and I believe that they are fundamental in all aspects of medicine. In other 
words, many researchers who claim that there 1s variability in the data obtained 
from autopsy cases are, in many instances, not capable of establishing autopsy diag- 
noses themselves. If there is variability in the cause of death, inevitably there will 
be variability in the data. To outperform other countries in conducting more highly 
accurate autopsies and practical research, a great deal of determination, effort, and 
innovation will be needed. 

The role of forensic pathology at the core of forensic medicine is to logically 
explain a person’s cause of death using objective evidence. In order to do so, various 
auxiliary diagnostic technologies focusing on the traditional discipline of forensic 
morphology need to be developed and applied. The introduction of forensic bio- 
chemistry and molecular pathology in autopsies is the latest approach in forensic 
pathology. The way to develop and apply these in real practice will depend on how 
the diagnosis of the cause of death is viewed. 

In addition to improving the accuracy of autopsies, key factors for addressing 
social demands from a social perspective are (1) systematic supplemental testing, 
(2) establishment of diagnostic systems, and (3) comprehensive data collection and 
analysis based on quality control. The top priorities of our country’s autopsy systems 
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are to improve actual practice, support practical research, and increase social and 
academic appreciation of database compilation. 

I have established a routine system based on histopathology that incorporates 
toxicology, biochemistry, and molecular biology for all forensic autopsy cases. 
After compiling the findings in this system, my next goal is to systemize the evi- 
dence that supports the actual results using techniques from basic medicine. The 
same causes of death may exhibit individual case differences in the processes lead- 
ing to death. The main aim of forensic biochemistry and forensic molecular pathol- 
ogy is to visualize these diverse cases of people’s deaths, and it is not necessarily 
essential to determine the actual cause of death. Therefore, these objective case 
analyses are profoundly significant from the perspective of elucidating the pathol- 
ogy of a person’s death, improving the accuracy of forensic autopsies, and gaining 
practical experience in precision management. If necessary, such analysis could be 
used as meaningful visual material for explaining diagnostics findings. 


Osaka, Japan Takaki Ishikawa 
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Chapter 1 A 
Biomarkers for “Cause of Death” gag 


Takako Sato and Koichi Suzuki 


Abstract For forensic pathologists, the most important practice is clarifying the 
“cause of death” of victims at autopsy. But it is sometimes difficult to determine the 
cause of death or forensic important matters (e.g., postmortem interval (PMI)) by 
only gross dissection and microscopic examinations. 

Biomarkers are considered to be useful to achieve the purpose. 

In this chapter, we introduce our part of works about trying to discover biomark- 
ers for some causes of death (sudden cardiac death, heatstroke (HS), and polyphar- 
macy) and PMI by using DNA analysis method or metabolomics analysis method 
using gas chromatography-tandem mass spectrometry (GC-MS/MS). In addition, 
we introduce hair imaging analysis for substance abuse by matrix-assisted laser 
desorption/ionization imaging MS. 


Keywords Biomarker - Sudden cardiac death (SCD) - Postmortem interval (PMI) 
Metabolomics - GC-MS/MS 


1.1 Introduction 


In Japan, especially in the field of legal medicine, the most important practice is 
clarifying the “cause of death” of victims, as this can often become a problem in 
court. From the time of death, a large amount of changes occur in a dead body that 
differ from those that occur in a living body. The presence of such changes often 
makes it difficult to investigate the cause of death. 

In particular, there is a great deal of difficulty in determining several types of 
causes of death, because gross dissection and microscopic examinations cannot 
identify them. These causes of death include sudden cardiac death, heatstroke (HS), 
death by cold, drug intoxication, etc. 
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Biomarkers are considered to be quantitatively measurable indicators of biologi- 
cal or pathogenic processes and are used for disease diagnostics, the prediction of 
disease progression, monitoring of responses to treatment, and drug development. 
Several technological methods are used to discover biomarkers, including pro- 
teomics, metabolomics, imaging, and genome analysis [1, 2]. 

If there are biomarkers that could accurately indicate causes of death, they would 
be of great value not only for diagnosing causes of death, but also to help recognize 
the process to death. 

In this chapter, we would like to introduce some results from our study on 
biomarkers. 


1.2 DNA Analysis for Sudden Unexpected Death 


In the forensic field, we often encounter cases of sudden unexpected death (SUD), 
especially in young adults. In young people, SUD is most often suspected to be of 
cardiac origin [3]. Gross dissection, in such SUD cases, however, cannot clarify the 
cause of death because no abnormal morphological findings may be present. Based 
on remarkable advances in molecular biology, it is believed that 30—40% of cardiac 
sudden death cases in young people are due to genetic abnormalities in cardiac 
genes that cause disturbed ion channel functions (channelopathies) or structural 
heart abnormalities (cardiomyopathies) [4—6]. 

Channelopathies with primary arrhythmogenic abnormality include long QT 
syndrome (LQTS), Brugada syndrome, catecholaminergic polymorphic ventricular 
tachycardia (CPVT), and short QT syndrome. LQTS is characterized by the prolon- 
gation of the QT interval due to delayed ventricular repolarization with syncopes, 
which eventually causes sudden death as a result of Torsades des Pointes (TdP) 
ventricular tachycardia (VT). Although 12 different candidate genes have been 
identified, 3 subtypes, KCNQ1, KCNH2, and SCNSA, account for 70-75% of defi- 
nite congenital LOTS cases [7-11]. 

Cardiomyopathies are characterized by a structural and functional abnormal 
heart muscle, but even minimal slight phenotypic changes might not be clear at 
autopsy, making a diagnosis difficult. The most common form is hypertrophic car- 
diomyopathy (HCM), followed by arrhythmogenic right ventricular cardiomyopa- 
thy (ARVC), idiopathic dilated cardiomyopathy (DCM), and left ventricular 
non-compaction cardiomyopathy (LVNC). ARVC is a prevalent cause of SUD 
among young athletes with progressively replaced by adipose and fibrous tissue in 
the right ventricular myocardium. The most common genetic causes of ARVC are 
mutations in desmosomal proteins such as plakophilin-2 (PKP2), desmoplakin 
(DSP), plakoglobin (JUP), desmoglein-2 (DSG-2), and desmocollin-2 (DSC2). 
Desmosomes are integral protein complexes involved in electrical conduction and 
mechanical contraction of cardiomyocytes [12—14]. 

To clarify causes of death, we performed postmortem genetic testing, the so- 
called molecular autopsy. 
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In 2006, we investigated possible mutations in the cardiac ryanodine receptor 
type 2 (RyR2) in 18 SUD autopsy cases and reported that 2 cases were found to 
have a heterozygous missense mutation in exon 14 causing R420W amino acid 
substitution. Mutations of the RyR2 gene are known to cause CPVT [15]. 

In addition, we also identified a novel mutation, V2321M, of the RyR2 gene and 
showed the phenotypic changes at autopsy [16]. 

Next, we performed mutation analysis for genes implicated in LQTS (KCNQI1, 
KCNH2, and SCNSA) in 17 SUD cases, and identified a variant, V207M, of 
KCNQI1, a gene encoding a cardiac potassium channel. We developed a knock-in 
mouse model carrier of Kcng1-V206M, equivalent to the KCNQ1-V207M mutation 
identified in the SUD case, and showed significant prolongation of QT intervals in 
the knock-in mice [17]. 

We also investigated the ARVC-related genes, DSP, PKP2, and DSG2, and 
showed a novel homozygous R292C substitution of the DSG2 gene [18, 19]. 

Malignant hyperthermia (MH) is a genetic disorder of skeletal muscle caused by 
mutations of the ryanodine receptor type | gene (RYR1). MH 1s triggered in suscep- 
tible individuals not only by anesthetic agents but also by severe exercise in hot 
conditions. The RYR1 gene encodes the calcium release channel within the sarco- 
plasmic reticulum. In MH, a prolonged increase in cytoplasmic calcium occurred 
within skeletal muscle fibers, causing sustained muscle contraction, which then 
resulted in a hypermetabolic state including rapid elevation of body temperature, 
tachycardia, and hyperkalemia [20, 21]. 

We reported an autopsy case suspected to have died of heatstroke with two 
distinct RYR1 mutations previously identified in separate MH-susceptible 
patients [22]. 

Brandom et al. also reported seven pediatric cases of lethal MH without exposure 
to any halogenated anesthetics [23]. 

Additionally, we performed postmortem molecular screening for mutations in 
the RYR1 gene in 11 psychiatric patients suspected of having died of neuroleptic 
malignant syndrome (NMS), and reported two mutations, one of which was 
novel [24]. 

We also reported a sudden death case of a patient with Marfan syndrome whose 
cause of death was diagnosed by autopsy as a rupture of the thoracic aorta. 
Postmortem genetic analysis revealed a FBN1 mutation, which might be associated 
with a higher risk of aortic rupture [25]. 

Although it is disadvantageous that antemortem information of victims is poor, 
we can show both genetic and autopsy findings of SUD cases. Thus, a molecular 
autopsy is an important means for clarifying and/or scrutinizing cause of death. 

Recently, many studies have reported postmortem targeted or whole-exome 
sequencing focused on cardiac disease-related genes in the young using next- 
generation sequencing techniques [26-32]. 

To perform research concerning genetic testing, every investigators are asked 
necessary procedures for their research plans. 

Generally, in clinical practice investigators who intend to carry out any research 
must obtain informed consent from the individual providing biological specimens 
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or information. However, following these procedures are not possible for our prac- 
tice because the individuals are already deceased. 

In addition, as we often perform an autopsy according to the Code of Criminal 
Procedure (termed a “Judicial autopsy”), we obtain samples of blood and tissues 
from a corpse and keep them for evaluation for a long period of time. Furthermore, 
to maintain fairness of judgment, it is thought to be inappropriate for forensic 
pathologists to meet the bereaved family of a victim. 

Thus, previously, forensic researchers used stored samples for research or education 
without obtaining informed consent. The Japanese Society of Legal Medicine, how- 
ever, released a report about the policy for the use of specimens obtained from medico- 
legal autopsies according to the social rules. As a result, forensic scientists make an 
effort to obtain informed consent from bereaved family members where possible. 

When genetic findings supposed to be the cause of death are discovered, they can 
be beneficial for relatives of the deceased. In our laboratory, we advise family mem- 
bers about the possibility of a hereditary disease and make enquiries with a cardi- 
ologist and genetic counselor about the necessity of cardiological assessment and 
genetic counseling [33, 34]. 

It is very important for forensic physicians not only to diagnose the cause of 
death but also to provide surviving relatives with useful information and advice to 
avoid any subsequent sudden deaths. 


1.3 Metabolomics Analysis for PMI, Heatstroke, 
and Polypharmacy 


Metabolomics, the comprehensive analysis of metabolites in a multicellular system, 
provides a large amount of information concerning biochemical statuses or changes 
caused by several conditions. Metabolomics is suitable for detecting abnormal 
changes of metabolites before the occurrence of physiological or pathological dam- 
age [35]. Metabolomics techniques can be used to measure small molecules, includ- 
ing amino acids, sugars, lipids, organic acids, and nucleotides. Therefore, it is often 
used in research on the exploration of biomarkers in the fields of cancer; metabolic, 
neurodegenerative, and autoimmune diseases; injury; and so on [36—44]. 

Technologies used in metabolomics analysis include proton nuclear magnetic 
resonance ('H-NMR), gas chromatography-tandem mass spectrometry (GC-MS), 
capillary electrophoresis-MS, high-performance liquid chromatography 
(HPLC)-MS, ultra-performance liquid chromatography (UPLC)-MS, and LC-solid- 
phase extraction (SPE)-NMR [45-47]. 

GC-MS is an analytical method that combines separation and mass spectromet- 
ric detection and is widely used in both targeted and nontargeted analyses because 
of its mass spectral high resolution, sensitivity, and reproducibility. GC-MS is par- 
ticularly suitable for the detection of thermally stable volatile metabolites. 
GC-MS-based metabolomics is considered to be a versatile tool for investigating 
biomarkers [48, 49]. 
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Estimating the postmortem interval (PMI) is a task of great importance in foren- 
sic casework. In a crime scene in particular, the “time of death” is a precious matter. 
Despite many decades of research, early postmortem phenomena, the cooling of the 
body, rigor mortis, and postmortem lividity are still used as the main bases for esti- 
mating PMI in practice. Several tests are performed to improve the accuracy of 
estimating the PMI, including chemical indices, eyeball temperature, DNA/RNA 
degradation, ATP changes, forensic entomology, and microbial communities 
[50-58]. 

In 2015, we performed a GC-MS/MS-based metabolomics study using plasma 
of suffocated rats whose blood was collected at various time intervals (0, 3, 6, 12, 
24, and 48 h; n = 6) and constructed a partial least squares (or projection to latent 
structure, PLS) regression model that could successfully predict the PMI. This 
model was then validated with another validation set (n = 3) [59]. 

Following this, other studies demonstrated that matrix-assisted laser desorption/ 
ionization time-of-flight mass spectrometry (MALDI-TOFMS) could be used to 
estimate the PMI. Li et al. reported that they constructed a prediction model that 
showed high recognition capability and cross-validation using rat muscle and liver 
or human liver as samples, and histological changes at different time points could 
be seen in MALDI imaging [60, 61]. 

Heatstroke (HS) is a life-threatening disorder characterized by core body tem- 
perature above 40 °C accompanied by central nervous system dysfunction such as 
convulsions, delirium, and coma. HS is one of the causes of death that are difficult 
to diagnose. As there are no specific abnormal findings at autopsy in the victims, the 
cause of death is often comprehensively judged from the situation at the time of 
discovery. Heatstroke is considered to comprise multiple organ dysfunction accom- 
panied by a systemic inflammatory reaction, but the actual mechanism leading to its 
onset remains to be seen [62—64]. 

As it is said that intracellular metabolism is enhanced when thermal stress is 
applied to the living body, we investigated plasma metabolomics profiles of a rat 
model of HS using GC-MS/MS and identified by a multivariate analysis 72 metabo- 
lites and 9 amino acids, 6 organic acids, and 3 monosaccharides that were increased 
with a strong correlation with an increase in body temperature. These metabolites 
were involved in energy production, suggesting the possibility that energy produc- 
tion may be enhanced with body temperature getting higher. 

Drug abuse is known to be involved more or less in death subjected to forensic 
autopsy. Thus, toxicological analysis is essential for forensic practice. Recently, as 
the drug types involved in causes of death is increasing in number, the significance 
of scrutinized drug analysis is getting more and more increased [65—69]. 

In particular, we often encounter cases of psychiatric patients, who have been 
prescribed multiple psychotropic drugs, were found dead in rooms of hospital or 
their home. 

Polypharmacy makes it difficult for us to determine whether the drugs is lethal or 
not, because in most cases, blood concentration of the individual drug is not lethal. 
It has been reported that adverse drug interactions are involved, but the mechanism 
of such actions is not known, and crucial biomarkers are lacking [70-73]. 
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Whether such drugs led directly to the death or not is a very serious matter for us 
to judge objectively on the basis of scientifically analyzed data. 

In 2011, Shima et al. investigated influences of methamphetamine (MA)-induced 
acute intoxication on urinary and plasma metabolic profiles using rat models. In the 
study, 5-oxoproline, saccharic acid, uracil, 3-hydroxybutyrate, adipic acid, glucose, 
glucose 6-phosphate, fructose 1,6-bisphosphate, and tricarboxylic acid cycle inter- 
mediates, such as fumarate, were proposed as potential biomarkers related to 
MA-induced intoxication [74]. 

In 2014, the metabolic profiles of urine and blood plasma in drug-addicted rat 
models based on morphine (MOR), methamphetamine (MA), and cocaine (COC)- 
induced conditioned place preference (CPP) were reported. In that study, 57 metab- 
olites in plasma and 70 metabolites in urine were identified by GC-MS, and it was 
shown that differences in metabolic profiles were suggestive of different biological 
states of MOR, MA, and COC addiction [75]. 

As a first step to clarify this mechanism of action in polypharmacy, we investi- 
gated changes in metabolites in the plasma of rats injected with representative psy- 
chotropic drugs (chlorpromazine (CPZ), clomipramine (CPM), paroxetine (PAR), 
and flunitrazepam (FLU)) individually by GC-MS/MS-based metabolic analyses 
over time (3, 6, 12, 24, and 48 h after injection; n = 4-8). As a result, 93 endogenous 
metabolites were detected in plasma. In the CPZ study, each group was partially 
separated from one another on the principal component analysis (PCA) score plot, 
and 28 metabolites in particular were indicated as changing over time. 

In the CPM, PAR, and FLU studies, some groups at 24 and 48 h after injection 
were comparably separated from the other groups, and 21, 32, and 23 metabolites 
were indicated as changing over time. We are planning to investigate these findings 
in further detail. 

Metabolomics techniques will be helpful to elucidate the mechanism of death 
due to polypharmacy, and the results will be profitable for clinicians treating patients 
with psychiatric disease. 


1.4 Hair Imaging Analysis for Substance Abuse 


Hair is often useful to investigate drug ingestion because it can function as “biomem- 
ory” recording an individual’s drug use history. 

Hair analysis for drug use has been conventionally conducted using GC-MS or 
liquid chromatography-tandem mass spectrometry (LC-MS/MS) to determine ana- 
lytes in extracts of hair specimens typically cut into 2 cm segments of a tuft of more 
than 50 strands, which can provide chronological information on drug intake. 

The drug incorporation pathways into hair, however, are still subjected to much 
discussion [76, 77]. 

Miki et al. have reported single hair analyses of drugs, such as MA, by matrix- 
assisted laser desorption/ionization (MALDI)-imaging MS (IMS), as well as strand- 
by-strand conventional sectional analysis by LC-MS/MS using one-pot 
micropulverized-extraction [78, 79]. 
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Next, a study was performed on longitudinal sections of single scalp hair shafts 
sampled from volunteers after a single oral administration of methoxyphenamine 
(MOP), a non-controlled analogue of MA, which showed that, for MOP at least, 
there are two major drug incorporation sites [80]. 

The incorporation pathways of zolpidem into hair and its distribution have also 
been analyzed in the literature [81, 82]. 

Similarly, Flinders et al. reported that the distribution of cocaine was observed 
throughout five longitudinally sectioned drug-user hair samples using MALDI-MS/ 
MS imaging [83]. 

Furthermore, Nakanishi et al. developed quantitative imaging mass spectrometry 
of nicotine (NC) in longitudinally sliced hair with the selected reaction monitoring 
mode using a labeled NC ('°C3-NC) standard for the serially chronological monitor- 
ing and traceability of NC intake in heavy smokers [84]. 

Recently, maternal abuse during pregnancy has been considered to be a problem 
with legal concerns. Wabuyele et al. reviewed the discussion on approaches used to 
detect drug-exposed newborns using biological specimens, including hair [85]. 

These findings are important for the recognition of histories of individual drug 
use or long-term exposure to hazardous materials based on hair analysis. 


1.5 Future Prospects 


In terms of actual practices, the factors that affect progression of changes in cadav- 
ers following death are classified into two categories. The first encompasses envi- 
ronmental factors, for example, clothing, temperature, humidity, etc. The second 
category comprises factors that are of an individual nature, for example, gender, 
age, nutritional status, illness, etc. 

Therefore, there are many barriers that hamper the discovery of common bio- 
markers for all corpses. 

However, we anticipate that a new path will come into view in the foreseeable 
future through the use of highly elaborated techniques and by accumulating data in 
many cases. 
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Chapter 2 A 
Forensic Biochemistry jag 


Tomoya Ikeda, Naoto Tani, Tomomi Michiue, and Takaki Ishikawa 


Abstract Pathophysiological diagnoses in autopsies made on the basis of morpho- 
logical findings are vital aspects of autopsy diagnoses. To improve the accuracy of 
autopsy diagnoses, a variety of screening methods, including biochemical tests, are 
employed. However, most of these methods are currently used when resorting to 
biochemical test results in case of an autopsy diagnosis of a difficult case. Agonal or 
postmortem changes in variable affect most parameters assessed as part of bio- 
chemical testing in autopsies. Sporadic testing using a single parameter is therefore 
not useful to diagnosis. To obtain a screening tool that helps in identifying underly- 
ing diseases and clarifying the pathophysiology during the death process, it is 
important to collect samples from the appropriate site using appropriate methods or 
perform systematic biochemical testing where several items are being evaluated. 
Autopsies are the ultimate diagnostic tool requiring the most accurate and reliable 
diagnosis. To this end they need to include systematic biochemical testing as a rou- 
tine tool. This paper summarizes the importance of biochemical testing, from the 
perspectives of systemic indices and tissue-specific indices, in a subset of biochemi- 
cal tests available and reported to date. 
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2.1 Introduction 


Diagnoses in autopsies must be made objectively. However, it must be taken into 
account that in autopsies, pathophysiology does not remain consistent during the so- 
called survival period, 1.e., the period from onset of fatal injury or disease to death. 
Clinical treatments may be provided during this period, and the impact due to post- 
mortem changes in each case may vary. Inspection, palpation, and examination of the 
body surface and all organs have great significance during autopsies. This approach, 
which is at the basis of physical examinations in clinical medicine, during autopsies 
can identify findings that need to be further evaluated by pathological and toxicologi- 
cal examinations. A highly accurate diagnosis is not possible without these initial 
examinations. However, no matter how the most recent auxiliary diagnostic technolo- 
gies are used (e.g., diagnostic imaging), so long as we adhere to morphological find- 
ings, there will be limitations to the diagnoses of functional injuries and analyses of 
the death process [1—10]. The markers used in human postmortem diagnoses for 
molecular biology and biochemical testing are often debated for their “relevance” or 
“irrelevance” on the basis of results of studies obtained exclusively from animal mod- 
els. However, much remains unclear about what evidence is being used to support the 
“relevance” and “irrelevance” of markers [11]. In forensic autopsies, similar to clini- 
cal medicine, conducting blood biochemical testing, molecular pathological testing, 
and basic morphological examinations, as part of routine screening, is undoubtedly 
useful to pathophysiological analysis of the death process. It is therefore first neces- 
sary to carefully analyze the results of such testing from a pathophysiological perspec- 
tive without jumping to the conclusion that these are postmortem changes (Fig. 2.1). 

Systematic advancements in forensic biochemistry and molecular pathology are 
extremely important when implementing objective evaluation criteria according to 
critical in morphological diagnosis. Such forensic biochemical and molecular path- 
ological testing can be classified as follows: (a) indices of general condition, such as 
circulation, respiration, central nervous function, metabolism, and stress responses, 
and (b) tissue-specific indices to detect injury to the various tissues of vital organs 
such as the heart, lungs, and brain. This paper describes the effectiveness and limita- 
tions of routine work using forensic biochemical testing as an aid in systematic 
examinations, focusing on visual inspection and histopathological testing, in foren- 
sic autopsies. 


2.2 Indices of General Condition 


The predominant function of biochemical testing in autopsies is to clarify the state 
of circulation, respiration, metabolism, and central nervous function during the 
death process. Initial pathophysiological analysis includes assessment of the general 
condition, blood loss or anemia, inflammation, dehydration, electrolyte abnormali- 
ties, hypoxemia, musculoskeletal injury, and systemic stress responses [12—21]. 


2 Forensic Biochemistry 


Postmortem biochemistry examination 


Inspection item 
Blood 
Red blood cell ( x 104/uL) 


White blood cell ( x 10%/uL) 
Hemoglobin (g/dL) 


Hematocrit (%) 


Serum = Pericardial fluid 


Left heart blood 


445 (296.5-563.5) 
9.0 (5.9-13.4) 
14.4 (9.6-18.5) 
46.0 (31.6-60.0) 


Right heart blood 


450 (342.3-540.0) 
14.4 (10.4-19.8) È 
14.5 (11.2-17.6) 
46.5 (37.0-56.4) 


lliac vein blood 


495 (267-523) 
123.4 (6.8-16.0) T 
16.0 (10.7-17.1) 
54.5 (35.0-60.6) $ 


15 


Clinical references 


M 427-570 
M 3.9-9.8 


F 376-500 
F 3.5-9.1 


M 13.5-17.6 F 11.3-15.2 
M 39.8-51.8 F 33.4-44.9 


Total protein (g/dL) 7.7 (6.1-9.2) 8.1(6.7-9.9) 6 (5.1-6.8) 4.5 (3.9-5.2) 6.7-8.3 
Albumin (%) 56.0(48.8-60.7) Ý 54.3 (46.5-59.2) V 60.4 (54.9-63.3) 48.0 (38-61.8) 60.2-71.4 
Globin (%) o1 3.0 (2.6-3.7) 3.0 (2.6-3.6) 3.3 (2.9-4.6) È 5.0 (4.9-5.7) 1.9-3.2 
a2 10.6 (8.5-14.3) © 11.3 (9.0-15.7) È 8.8 (8.3-9.4) 7.6 (6.7-8.5) 5.8-9.6 
B 8.5 (7.0-10.7) 8.7 (7.1-11) 9.4 (8.0-12.8) 15.0 (13.6-16.6) 7.0-10.5 
y 18.4(14.9-22.1) 19.1 (15.5-23.3) 16.7 (15-19.4) 25.8 (19-29.5) 10.6-20.5 
A/G albumin-globulin ratio 1.3 (1-1.5) G 1.2 (0.8-1.5) 4%} 1.5 (1.0-1.7) 0.9 (0.6-1.6) 1.5-2.5 
Total cholesterol (mg/dL) 184.5 (137.0-245.5) 186.0 (139.0-240.3) 141.5(120.0-168.0) 4%} 150-219 
ChE: Cholinesterase (U/L) 260 (181-347) 270 (190-360) 265 (191-315) M 242-495 
F 200-459 
Direct bilirubin (mg/dL) 0.2 (0.1-0.3) 0.2 (0.1-0.4) 0.1 (0.1-0.2) 0.1 (0.08-0.62) < 0.4 
Indirect bilirubin (mg/dL) 0.3 (0.2-0.5) 0.3 (0.1-0.5) 0.2 (0.2-0.4) 0.2 (0.1-0.3) < 0.8 
yGTP (U/L) 61 (31-131) 90 (49-187) # 265 (191-315) M Under 70 
F Under 30 
Glucose (mg/dL) 70 (18-186) 189 (72-361) # 63 (26-141) % 97 (51-178) 70-109 
BUN: urea nitrogen (mg/dL) 15.4 (11.4-21.8) 16.1 (11.9-22.8) 16.3 (12.1-22.5) 16.1 (11.9-22.9)  8.0-22.0 
Creatinine (mg/dL) 1.2 (0.9-1.8) 1.5 (1.1-2.1) 1.7 (1.4-2.4) 1.5 (1.1-2.1) M 0.61-1.04 
M 0.47-0.79 
Uric acid (mg/dL) 5.8 (4.2-8.3) 8.4 (5.4-16.5) 5.9 (4.2-8.2) 5.4 (4.2-6.9) M 3.7-7.0 
M 2.5-7.0 
CRP (mg/dL) 0.2 (0.06-0.96) 0.24 (0.07-1.10) 0.26 (0.07-1.17) < 0.30 
Neopterine (pmol/mL) 36 (20-60.3) 4 70 (38-140) 4 22 (14-43) ® 2-8 
Erythropoietin (mIU/mL) 21.0 (13.8-40.1) 21.4 (13.8-39.2) 22.4 (14.6-51.2) 8-36 
Calcium (mg/dL) 10.7 (9.7-12.0) 4 10.4 (9-11.7) ® 12.0 (10.3-13.0) 4 8.6 (7.8-9.4) 8.5-10.2 
Magnesium (mg/dL) 4.8 (4-5.8) ®& 5.7 (4.8-6.9) ® 5.2 (4.5-6.2) @ 4.7 (3.9-5.9) 1.8-2.6 
Sodium: Natrium (mEQ/L) 128 (118-136) 4% 121 (111-130) % 127 (117-136) % 124 (113-133) 136-147 
Potassium (mEQ/L) 24.9 (18.8-32.3)@ 32.6 (25.8-41.5) ® 33 (25.9-41.4) ® 29.2 (23.6-40) 3.6-5.0 
Cardiac Troponin T (ng/mL) 15.7 (3.3-83.6) t 21.8 (4.8-85.5) t 0.5 (0.05-3.52) t 72.4 (19.0-214.8) < 0.014 
Cardiac Troponin! (ng/mL) 667 (110-2465) @ 712.5 (140.8-2292) È 12.9 (2-92.1) È 965 (213.5-3100) 0.00-0.06 
CK-MB (ng/mL) 730 (265-1600) t 1700 (600-3400) t 340 (110.5-974.5) T 1340 (580-3200) 0.6-3.5 
S100 protein (ng/mL) 12.4 (4.7-35.3) $ 26.6 (9.4-58.6) È 30.1 (10.3-77.3) $ 0.01-0.3 
Amylase (U/L) 420 (191-1076) $ 387 (200-906) # 37-125 
Pulmonary surfactant A (ng/mL) 48.9 (27.7-77.3) t 36.1 (23-55.7) 33.8 (21-53.8) < 43.8 
Pulmonary surfactant D (ng/mL) 66.0 (36.8-120.0) 46.0 (26.0-75.6) 41.0 (23.6-68.1) t < 110 
OE ea . 0 (0-10) 0 (0-10) 5.2 (0-10) 14 (9-28) < 43.0 
Atrial natriuretic peptide (pg/mL) 
or E EE 8.1 (2.1-18.5) 15.7 (2-58.4) 4.8 (2-24.1) 73.9 (17.7-308.0) < 18.4 
Adrenalin ( x 10° pg/mL) 29.4 (9.3-82.6) T 123.1 (39.8-281.9) È  32.0(5.4-128.0) ® 22.9 (8.1-74.3)  <100 


Noradrenalin ( x 10° pg/mL) 
Dopamine ( x 10° pg/mL) 


Survival period <24 h 
Postmortem period <48 h 


57.9 (32.7-93.4) T 
2.8 (1.3-7.7) 


98.1 (50.2-166.2) $ 
3.7 (1.4-8.5) 


34.4 (14.7-74.1) ® 
1.9 (0.7-4.5) È 


A~} :Compared with the clinical reference 


111.1 (65.9-180.8) 100-450 


(4.7 (22-9.7) 


< 20 


Fig. 2.1 Postmortem biochemistry laboratory examination. Cited and modified from Michiue T 
et al., Jpn J Forensic Pathol. 2012;18:89—99 


2.2.1 General Condition 


During the course of an autopsy, the nutritional status, existing disorders, and other 
aspects before the onset of fatal injury or disease must be assessed. The biochemical 
indices used to screen for malnutrition or functional disorders causing metabolic 
abnormalities, such as diabetes, are nonprotein nitrogen compounds, serum protein, 
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glucose, lipids, and ketone bodies [5, 16—18]. Hyperuricemia can be detected in the 
diagnosis of kidney failure and other disorders by setting postmortem reference 
values slightly higher than clinical reference values [5, 16—18]. Levels of serum 
enzymes such as transaminases, clinical indices of liver function, increase immedi- 
ately after death because of leakage from blood cells and surrounding tissue, simi- 
larly to potassium levels [22, 23]. Meanwhile, indices such as serum albumin, 
cholesterol, cholinesterase, bilirubin, and Fisher’s ratio for amino acids can be used 
as indices of liver dysfunction during the death process [24—26]. 


2.2.2 Blood Loss and Anemia 


Rapid bleeding causes serum erythropoietin levels to rise within several hours dur- 
ing the survival period, and hypoxemia causes a further rise in serum erythropoietin 
levels during a lengthy death [27, 28]. The severity of existing anemia can be evalu- 
ated as a contributing factor by measuring serum erythropoietin levels [28]. 


2.2.3 Inflammation 


The serum C-reactive protein (CRP) level is an index of inflammation in clinical 
medicine and is also considered as a feasible index in autopsy diagnoses [14, 15, 
29]. The serum CRP level can also be used to measure endocan, procalcitonin, 
neopterin, and cytokines [15, 30-33]. Clinically, serum CRP levels first peak 
approximately 48 h after injury and subsequently show a steady increase over the 
following 6 h [34, 35]. In autopsies, however, serum CRP levels are higher in cases 
of non-sudden death than in cases of sudden death, and they are known to rise rela- 
tively promptly after injuries [14]. When differentiating cases on the basis of the 
cause of death, an elevated serum CRP level is often seen in sudden fire-related 
deaths, especially in cases of extensive burn injuries [14]. On the other hand, serum 
CRP is often low in cases of death by drowning and electrocution, suggesting that 
serum CRP levels tend to raise in accordance with the degree of tissue damage. An 
immunohistological analysis of CRP expression in liver formalin-fixed tissue, 
which is the organ that produces CRP, revealed characteristic findings, such as a 
peripheral and focal pattern, in cases of early death after injury [36]. 

Unlike the cytokine tumor necrosis factor (TNF)-a and interleukin-6 (IL-6), 
serum procalcitonin is known to have a long half-life of 25—30 h [37—40]. In sys- 
temic bacterial infections such as sepsis, serum procalcitonin increases to levels of 
>100 ng/mL [37-41]. Meanwhile, no rise in serum procalcitonin is seen in cases of 
viral infections or noninfectious diseases. These serum markers increase with the 
severity of tissue damage and survival time, and they are useful in the diagnosis of 
secondary infections. 

Finally, blood endotoxin levels along with microbiological testing can be used as 
indices of bacteremia in infection and sepsis [41, 42]. 
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2.2.4 Dehydration and Electrolyte Abnormalities 


Postmortem urea nitrogen and creatinine levels in the blood, along with their levels 
in various bodily fluids, can be used in autopsy diagnoses of dehydration, similarly 
to clinical reference values [17, 43]. However, sodium and chloride levels must be 
evaluated keeping in mind a postmortem decrease [3—5, 12]. This change is seen 
both in blood and aqueous humor [44, 45]. When considering autopsy findings fol- 
lowing death by drowning, these indices can be analyzed along with calcium and 
magnesium levels for evaluating blood dilution and electrolyte abnormalities [46— 
48]. Serum calcium and magnesium levels increase immediately after death and 
reach a steady state until decay becomes evident [49]. 


2.2.5 Acute Hypoxemia 


Severe hypoxemia that causes hypoxemia in all tissues of the body is observed in 
the final stages of almost all cases of death. Systemic acute hypoxemia can be evalu- 
ated by comparing uric acid levels among the blood in the right heart and left heart, 
peripheral blood, and pericardial fluid. Specifically, in systemic acute hypoxemia, 
uric acid levels first rise in the blood in the right heart and subsequently increase in 
the blood in the left heart and peripheral blood, accompanied by a rise in serum 
creatinine; however, uric acid levels in the pericardial fluid are mostly unaffected 
[16, 17, 50]. These findings differ from those observed in uremia associated with 
kidney dysfunction. Myocardial markers can serve as indices of cardiac injury 
caused by severe systemic hypoxemia [51, 52]. Finally, as previously mentioned, 
serum erythropoietin levels also increase following persistent hypoxemia [27, 28]. 


2.2.6 Musculoskeletal Injuries 


Systemic musculoskeletal injury caused by hypoxia during the death process is con- 
sidered to be the major factor of elevated creatinine and uric acid levels in the blood 
in the right heart [16, 17, 50]. This observation becomes noticeable with the occur- 
rence of drug side effects including malignant syndrome or resulting from severe 
musculoskeletal injury. The latter could be caused by extensive blunt trauma, deep 
burn injury, hyperthermia (heatstroke), stimulant intoxication, and rhabdomyolysis 
caused by crush injury syndrome or compartment syndrome. Postmortem serum cal- 
cium levels are high in cases of acute death associated with systemic musculoskeletal 
injury, whereas they tend to be low in case of prolonged death. Specifically, in case 
of prolonged death, postmortem serum calcium levels tend to have values similar to 
musculoskeletal injury-induced hypocalcemia observed in clinical cases [47, 49]. In 
cases of severe musculoskeletal injury associated with rhabdomyolysis, myoglobin 
levels can be used as a tissue-specific index [53-55]. Serum myoglobin is mainly 
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derived from the skeletal and heart muscles, and it increases markedly after death, 
which makes a careful evaluation necessary. Urinary myoglobin levels can be used 
for the diagnosis of causes of death associated with musculoskeletal injury or rhab- 
domyolysis. Finally, myoglobin levels in the pericardial and cerebrospinal fluids also 
depend on both the cause of death and survival time [55]. 


2.2.7 Systemic Stress Responses 


Catecholamines are neurotransmitters involved in various stress responses. However, 
when using catecholamine levels in forensic medicine, treatment scenarios need to 
be taken into account. Chromogranin A (CgA), meanwhile, is released jointly with 
the catecholamines adrenaline (Adr), noradrenaline (Nad), and dopamine, and it is 
known to reflect sympathetic nerve and adrenal system activity in response to stress. 
CgA in the blood in the right heart is elevated following a heatstroke, whereas it 
decreases following death by freezing and poisoning. Its levels are intermediate in 
cases of blunt force trauma and heart disease. Adr and Nad are both elevated follow- 
ing a heatstroke and decreased in death by freezing, but the difference is not as 
noticeable as with CgA. In heatstroke, there tends to be a correlation between CgA 
in the blood in the right heart and catecholamines [56, 57]. CgA in the cerebrospinal 
fluid is most elevated in cases of death by freezing, whereas it decreased in cases of 
heatstroke and poisoning. In death by freezing, a negative correlation has been 
observed between CgA levels in the blood in the right heart and in the cerebrospinal 
fluid [57]. Meanwhile, Adr and Nad levels are high in cases of heatstroke and low in 
death by freezing. Following a heatstroke, CgA levels in the cerebrospinal fluid 
show a positive correlation with Adr levels. Immunostaining results have shown 
significantly low rates of CgA-positive cells in the hypothalamus following death by 
freezing, but in the pituitary and adrenal glands, no difference has been observed 
among different causes of death [57]. Accordingly, the difference in blood and cere- 
brospinal fluid CgA levels following deaths by freezing and heatstroke is more 
noticeable than that of catecholamines and may be useful for a differential diagnosis 
of deaths caused by blunt force trauma, poisoning, and sudden cardiac arrest. 


2.3 Tissue-Specific Indices 


During autopsies a variety of tissue-specific biochemical indices have been used to 
detect dysfunction of major organs including the heart, lungs, brain, liver, and kid- 
neys. These indices leak from damaged tissue and migrate to the blood or other 
body fluids. Their biodistribution depends on the extent of injury and the survival 
period. Increases in these indices can be influenced by secondary tissue damage 
caused by tissue hypoxia. Furthermore, changes may not be limited to the invasion 
of causative organ’s tissues. 
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2.3.1 Myocardial Injury and Heart Failure 


In clinical medicine, myocardial markers such as cardiac troponins and creatine 
kinase MB are used for the diagnosis of myocardial infarction [58, 59]. However, 
during autopsies clinical reference values cannot be directly applied to blood and 
body fluids [60—64]. Nevertheless, postmortem levels of myocardial markers in 
serum and pericardial fluid have been found to be dependent on the severity of myo- 
cardial injury. Such findings are linked to the rhabdomyolysis associated with heat- 
stroke and substance abuse, 1.e., the degree and extent of injury [51, 52]. These 
indices have a significant association with myocardial pathological findings and can 
have marked changes in biodistribution, which are dependent on survival and post- 
mortem periods. Following their quantification, myocardial markers always require 
careful evaluation. Specifically, the postmortem period needs to be taken into 
account. The significance of measured values is compared with that of pathological 
findings, following an examination of the biodistribution of these markers. 

In evaluating the severity of heart failure, a useful measurement is that of the 
levels of atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP), which 
are produced in the myocardium in response to its mechanical stimulation and 
which leak into the myocardial fluid following a heart failure [65-67]. ANP and 
BNP levels in the myocardial fluid can therefore be used in evaluating acute cardiac 
load and chronic heart failure, respectively. 


2.3.2 Lung Injury and Respiratory Failure 


The pulmonary surfactant proteins A and D (SP-A and SP-D) can be detected in 
biochemical screenings of the blood and in immunohistochemical and molecular 
biological screenings of lung tissue [68—72]. Blood levels of these proteins increase 
immediately after onset of lung injury and exhibit a left heart blood-dominant bio- 
distribution [73]. An in-depth pathological analysis of respiratory failure can be 
performed by combining biochemical test findings with immunohistochemical and 
molecular biology findings. 


2.3.3 Brain Tissue Injury and Central Nervous System 
Dysfunction 


S100 proteins can be found within astrocytes in the brain. S100 proteins are multi- 
faceted tissue-specific indices that, when biochemical and immunohistochemical 
testings are combined, can exhibit alternative levels depending on the causes of 
death, as, for example, acute mechanical asphyxia caused by neck compression or 
airway suction, death by drowning, and heart attack. Therefore, these indices can be 
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used in evaluating the severity of brain tissue injury and in screening for central 
nervous system dysfunctions associated with brain tissue injury [74—77]. Other bio- 
chemical indices of brain tissue injury and dysfunction include neuron-specific eno- 
lase, creatine kinase BB, and myelin basic protein [78-80]. 


2.3.4 Liver Function and Pancreatic Dysfunction 


In autopsy cases, the liver enzyme gamma-glutamyl transpeptidase (GGT) increases 
proportionally to the survival period and shows higher levels than clinical reference 
values. Whereas in autopsies of death by freezing, mild increases in serum GGT and 
amylase are observed. GGT, which is a clinical index of liver dysfunction caused by 
alcohol, requires careful evaluation during autopsies [81]. 

Isozymes of salivary and pancreatic amylase might serve as indices of pancreatic 
tissue damage. However, in several postmortem cases, serum amylase levels are 
higher than the clinical reference values, and salivary fractions account for most of 
this index. Increases in serum amylase are likely attributable to circulatory failure 
and severe hypoxia during the death process. Increases are especially marked in 
deaths by poisoning [7—9, 82]. 


2.3.5 Kidney Dysfunction 


Increases in urea nitrogen (UN) and creatinine (Cr) levels are important in evaluat- 
ing kidney function. Serum levels of UN and Cr, which are used as indices of kidney 
function in clinical medicine, have been reported to remain relatively stable after 
death [16, 83]. On the contrary, UN rises slightly after death in cerebrospinal fluid 
and vitreous humor of the eye [83], while postmortem Cr levels in the cerebrospinal 
fluid and vitreous humor of the eye remain stable postmortem [83]. Mild increases 
in UN and hypernatremia can be used to diagnose dehydration before death. 
Typically in cases of dehydration, UN levels are higher than Cr levels postmortem, 
similarly to clinical test results. 

Zhu et al. [16, 17, 50] analyzed UN, Cr, and uric acid levels during autopsies in 
different blood sampling sites (left and right intracardiac blood, subclavian vein, 
and external iliac vein), as well as in the pericardial fluid. They found that uric acid 
levels in the blood in the right heart were elevated in autopsies following deaths by 
asphyxiation and drowning. This finding suggests that skeletal muscle injury is 
associated with acute hypoxia. In cases of death by drowning, differences in the 
sodium, chloride, calcium, and magnesium levels between the blood in the left 
heart and right heart are useful in differentiating deaths by drowning in freshwater 
and from those by drowning in seawater. Results of these tests could also aid in 
estimating the volume of water inhaled when compared to lung weight. Cr and UN 
levels in the pericardial fluid have no correlation with the postmortem period. 
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When comparing Cr and UN levels in the pericardial fluid in individuals deceased 
following diverse causes of death, tests reveal a markedly elevated ratio of UN to 
Cr in cases of chronic kidney failure, upper gastrointestinal bleeding, death by 
freezing, death by stimulant intoxication, and prolonged traumatic death. On the 
contrary, in cases of drowning, Cr and UN levels are significantly lower than in 
deaths due to other causes, suggesting that water inhalation can influence their 
levels [17, 50, 83]. 


2.4 The Significance of Measuring Hormones in Autopsies 


Levels of hormones including adrenocorticotropic hormone (ACTH), thyroid- 
stimulating hormone, growth hormone (GH), and steroid hormones are used for 
pathophysiological diagnoses during autopsies. Pituitary, steroid, and other hor- 
mones show little change after death and can be used for a more detailed analysis of 
stress responses [84—87]. 

ACTH in the blood in the right heart tends to decreased in a variety of patholo- 
gies, while levels tend to be similar or higher than those observed in clinical settings 
in deaths caused by hemorrhagic shock, fire, drowning, and freezing. Finally, ACTH 
in the cerebrospinal fluid tends to decrease in deaths by freezing and heatstroke, 
while hormone levels show a tendency to differ between the blood and cerebrospi- 
nal fluid in cases of death by cold exposure (so-called freezing) [84]. 

GH levels in the blood are higher than clinical reference values irrespective of 
the cause of death [86]. Interestingly, GH levels in cases of death by asphyxiation 
tend to decrease in both the blood and cerebrospinal fluid. On the contrary, GH 
levels in cases of cardiac death tend to vary, suggesting an association with chronic 
heart failure [86]. 

Blood levels of the thyroid-derived hormones triiodothyronine (T3) and thyrox- 
ine (T4) are used as tissue-specific indices to screen for death by asphyxiation fol- 
lowing aneck compression. They also tend to increase in other deaths by asphyxiation 
and severe head trauma, thereby demonstrating a lack of consistency. In these 
pathologies, the thyroid gland is not regulated by the thyroid-stimulating hormone, 
functioning solely with T3 and T4. Variability of TSH levels in both the blood and 
cerebrospinal fluid among different causes of death are not evident, and the signifi- 
cance of TSH in postmortem diagnosis is currently unclear [88—93]. 

A limited amount of data is available on the use of the stress marker cortisol for 
autopsy cases. A study using an animal model of chronic asphyxia reported that 
blood glucose and plasma cortisol levels rapidly increased from the start of acute 
asphyxia up to 2—3 min after death, and they continued increasing until 5 min after 
death [94]. Both acute and chronic asphyxia showed almost the same trends for 
blood glucose and serum insulin, but only plasma cortisol ultimately showed an 
opposite change. These changes in blood insulin and cortisol levels have a strong 
influence on changes in blood glucose because of asphyxia because they regulate 
glucose metabolism. 
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2.5 Limitations of Biochemical Indices in Autopsies 


Autopsy cases differ greatly from clinical cases not only because of the effects of 
the survival and postmortem periods but also because of the effects of the cause of 
death and death process. Clinical reference values therefore cannot be directly 
applied to autopsy screenings. Biochemical testing during autopsies therefore 
reflects a variety of factors, including existing injury or disease, cause of death, 
survival time, medical treatment, and complications. Furthermore, these factors are 
modified by others such as the environment and postmortem changes that depend on 
the chemical properties, distribution, and location of the various indices. In addi- 
tion, several factors may contribute to these postmortem changes, including the 
death conditions, supravital response, leakage from cells breakdown, diffusion, and 
redistribution due to concentration gradients, denaturation, decay and decomposi- 
tion of biochemical indices, and analytical methods. Knowing that the impact of the 
survival and postmortem periods on biochemical testing in autopsies is inevitable 
and unpredictable, findings obtained through a series of tests performed on autopsy 
samples using readily available and highly versatile standard procedures must be 
evaluated on the basis of established data. 


2.6 Conclusions 


Testing in forensic practice, such as biochemistry and molecular pathology sample 
analysis, are conducted to reinforce morphological diagnostic evidence obtained 
through observation of functional changes. These tests are essential to evaluate the 
cause of death, injury, and disease during the death process. Importantly, such tests 
should be included in “precise autopsy diagnoses” as part of a routine autopsy 
screening work. Among various types of testing, systematic biochemical testing is 
useful in the elucidation of pathophysiology based on evidence, screening for 
underlying disease, and objective evaluations of the death process and complica- 
tions. From the perspective of quality control and assurance, screening for isolated 
nonsystemic indices or screening done only in the necessary cases do not have a 
diagnostic significance. Autopsies require the most accurate diagnosis and should 
therefore be performed with the appropriate application of the same established 
routine tests used in clinical medicine. Examining test results with reference to 
databases should allow pathologists to evaluate whether these tests are indeed 
useful. 
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Chapter 3 A 
Application of Molecular Pathology gzs 
in Forensic Medical Diagnosis 


Naoto Tani, Tomoya Ikeda, Shigeki Oritani, Tomomi Michiue, 
and Takaki Ishikawa 


Abstract The objective of molecular biological testing in autopsy work is to clar- 
ify pathophysiological changes in the death process that cannot be observed with 
morphological testing alone. These changes can be referred to as “pathophysiologi- 
cal vital reactions” or “molecular pathological vital reactions.” The application of 
these testing methods is often limited to the time relatively soon after death (within 
approximately 2 days) and before the first signs of decomposition are seen. The 
majority of autopsies in Japan take place within this 2-day period. Molecular bio- 
logical testing supplements and reinforces pathomorphological, toxicological, and 
biochemical findings and is useful in analyzing the death process and screening for 
injury and disease that cannot be diagnosed morphologically. These methods are 
essential for diagnosing the cause of death based on evidence and evaluating pathol- 
ogy in the death process. Complex changes in fatal pathophysiologies can conse- 
quently be “visualized” by systemically analyzing findings of molecular biological 
testing along with the aforementioned biochemical testing. 
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3.1 Evolution of Molecular Biological Testing in Autopsies 


The most important items to examine in autopsies are the final pathology of death and 
the process leading up to death. Similar to biochemical testing, molecular biological 
testing is incorporated into autopsy diagnoses as an aid to traditional macroscopic path- 
ological examination and histopathological testing [1, 2]. Molecular biological testing 
in autopsies is important to understand the pathology at the time of death, similar to 
blood biochemistry, drug toxicology, and bacteriology. In the same manner as postmor- 
tem biochemical testing, molecular biological testing can aid in clarifying the process 
leading up to death that cannot be elucidated from a morphological perspective alone, 
and it is useful in elucidating the pathophysiological changes at the time of death. 

In recent years, deoxyribonucleic acid screening technology in the field of 
molecular biology has expanded to pathophysiological analysis that goes beyond 
the category of personal identification. For example, investigating genes for sudden 
death during infancy or adolescence can shed light on the cause of death. These 
examinations are collectively referred to as “molecular autopsy” [3—8]. 

Meanwhile, postmortem ribonucleic (RNA) analysis has not been incorporated 
into autopsies because it readily decomposes [9]. However, if messenger RNA 
(mRNA) analysis using reverse transcription-polymerase chain reaction is done 
within a certain time frame, such analysis should be sufficiently applicable as an 
auxiliary technique to diagnose the pathology leading up to death, even in postmor- 
tem samples [1, 2, 10, 11]. 

This paper provides a summary of the results of molecular biological testing 
using recently acquired main life-sustaining organs (Fig. 3.1 and Table 3.1). 


Physiological status: Genetic background and preexisting pathologies 


<<-Insult (s) 
Pathophysiological alterations 


-Complications 
-Medical interventions 
-Agony 

Death: Cessation of systemic biological activities 


-Supravital reactions 


Postmortem changes: Degradation and/or redistribution of biomarkers, 
Modified by tissue deterioration at the time if death, 
depending on ambient conditions 

Molecular pathological profiles at autopsy, 

Involving possible modification by analytical artefacts 


Fig. 3.1 Possible factors contributing to postmortem profiles in forensic molecular pathology. 
Cited and modified from Maeda et al. [1] 
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Table 3.1 Forensic Forensic molecular pathology: roles in routine work 
molecular pathology: roles in I 


Local molecular pathology at the site of insult 
routine work 


(a) Detection of vital reactions 
(b) Estimation of wound age 
(c) Discrimination of traumatic factors 
(d) Pathogenesis, including tissue-specific injury 
II. Systemic molecular pathology in the whole body 
(a) Analyses of pathophysiology in death process 
— Respiratory failure 
— Circulatory failure 
— Central nervous system dysfunction 
(b) Interpretation of functional cause of death 
— Drug/poison-induced multiple organ dysfunctions 


— Environmental hazards, including hypothermia 
and hyperthermia 


(c) Estimation of survival time 
HI. Estimation of the time of death or the time since death 


Cited and modified from Maeda et al. [1] 


3.2 Limitations of Molecular Biological Testing in Autopsies 


The results of molecular biological testing in autopsies depend on the quality 
of the sample. However, more cautious collecting and testing of samples is use- 
ful in clarifying the process leading up to death (in the same manner as that 
done in blood biochemical testing). Evaluations of the results of molecular 
biological testing must therefore take traditional macroscopic autopsy findings 
and histopathological findings into consideration as foundational evidence. 
Although samples from an extensive area are useful in postmortem investiga- 
tions and in the evaluation of molecular biological testing, systemic pathologi- 
cal changes in a single area or related to a single marker cannot guarantee 
diagnostic results. 


3.3 Systemic Forensic Molecular Pathology 


3.3.1 Central Nervous System Dysfunction 


Besides direct trauma to the head, central nervous system dysfunction develops as 
the preceding respiratory and circulation failures progress. For example, to examine 
astrocytes in acidosis associated with preceding hypoxia, immunohistochemical 
testing and molecular biological testing of S100 proteins and glial fibrillary acidic 
protein are useful [12—15]. S100 proteins are also useful in the evaluation of direct 
brain injury [13, 14], whereas terminal deoxynucleotidyl transferase-mediated 
deoxyuridine triphosphate nick-end labeling, as a marker of acidosis, is useful in 
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evaluating the severity of head trauma [16-19]. Immunohistochemical testing of 
ubiquitin in the midbrain can be used to examine stress responses of neurons in 
cases of deaths by drowning and fire [20-22]. 

At present, studies using aquaporin as a molecular marker of cerebral edema con- 
sidered to be a foundation for brain impairment are starting to be applied [23-25]. 


3.3.2 Circulatory Failure 


Fatal circulatory failure leads to acute dysfunction of multiple life-sustaining organs 
including the heart, lungs, brain, and kidneys [26, 27]. 

To evaluate circulatory failure, it is useful to investigate factors for hypoxia and 
ischemia. For example, quantitative examination of mRNA in the kidneys of autopsy 
cases is dependent on various causes of death. Vascular endothelial growth factor 
(VEGF) mRNA levels are elevated in cases of sudden cardiac death but are low in 
cases of deaths by asphyxiation, drowning, and carbon monoxide poisoning from 
fires [2, 28]. Hypoxia-inducible factor (HIF)-1 and erythropoietin (EPO) mRNA 
levels are also low in cases of death by drowning [29]. These results show that the 
pathophysiology greatly differs depending on the cause of death, even if the injury 
or disease exhibits the same hypoxia and ischemia as its final pathology. The level 
of serum EPO, in general, depends on the period after injury in cases of death by 
bleeding [30, 31]. Furthermore, VEGF and glucose transporter 1 (GLUT1) mRNA 
are correlated with the period after injury, and depending on this period, VEGF and 
GLUTI mRNA levels decrease in the lungs and increase in the kidneys [32]. Even 
in immunohistochemistry, cases of a long period after injury show GLUT 1-positivity 
in the cells of the kidney cortex, similar to the results for mRNA. This finding has 
been proven in not only a human model but also in a mouse model [33]. 

Myocardial function is an important factor for evaluating the state of circulation. 
Analyses of HIF-1-alpha (HIF1A), EPO, and VEGF mRNA have been shown to be 
especially useful in identifying areas of myocardial ischemia [34-36]. HIF1 A, EPO, and 
VEGF mRNA levels in the left ventricular wall of the heart are elevated in cases of acute 
myocardial infarction and decreased in cases of deaths by asphyxia and drowning [34]. 

Biochemical markers in the pericardial fluid as well as in the blood can be used 
to evaluate myocardial injury [37—40]. The level of natriuretic peptide in the peri- 
cardial fluid is especially important, and biochemical measurements of natriuretic 
peptide in the pericardial fluid are useful in evaluating heart failure. The level of 
natriuretic peptide mRNA in the myocardium is also important for the evaluation of 
heart failure [41—43]. 


3.3.3 Respiratory Failure 


Pulmonary surfactant protein (SP)-A is useful in the evaluation of respiratory failure 
in molecular biological testing [2, 28, 44]. SP-A can be used to evaluate pathophysi- 
ology from biochemical, immunohistochemical, and molecular biological 
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perspectives. In immunostaining, SP-A staining patterns and SP-A mRNA expres- 
sion levels are closely related. Meanwhile, serum SP-A levels are high in cases of 
deaths by drowning, smoke inhalation, irritant gas inhalation, and other means. 
Comprehensively judging these findings is useful for the diagnosis of pulmonary 
edema caused by asphyxia, alveolar damage such as acute respiratory distress syn- 
drome, circulatory failure, central nervous system disorder, or poisoning. Alveolar 
damage associated with the formation of a hyaline membrane over pulmonary alve- 
oli is seen in cases of prolonged death and is clearly evident in SP-A immunostain- 
ing [45-51]. 

Biological indices in advanced systemic hypoxia are factors associated with the 
hypoxia-ischemia response system. HIFIA, which plays a role in the body’s 
response to hypoxia, functions as an important mechanism for organ homeostasis. 

The established roles of HIFIA as a protein encoded by the HIFIA gene are 
erythrocyte production, neovascularization, and energy metabolism. However, in 
actual autopsies, HIF1A and EPO mRNA levels are lower in cases of death by 
asphyxia than in cases of other deaths, including those by drowning [32]. 
Furthermore, VEGF mRNA level in the kidneys is lower in death by asphyxia than 
in acute cardiac death [29, 32]. These findings demonstrate the acute ischemic 
response to systemic hypoxia. 


3.4 Cause of Death Theory 


3.4.1 Traumatic Death 


A variety of pathological changes are seen, depending on the type of injury and the 
site and extent of trauma, which means that molecular biological changes are not 
always consistent. However, combining blood biochemical testing with immunohis- 
tochemical testing can aid pathological analysis. In death from blood loss, the VEGF 
mRNA level in the tissue of the kidneys markedly increases [29, 32], whereas in cases 
of prolonged bleeding, hyperuricemia and a rise in the erythropoietin level are seen. 
Immunostaining of ubiquitin in the midbrain shows a tendency for low ubiquitin lev- 
els in death from blood loss, which could be associated with psychogenic stress. 


3.4.2 Asphyxia 


When hypoxia persists, blood uric acid and creatinine levels increase. However, in 
acute hypoxia, such as in the case of asphyxia due to neck compression, these find- 
ings are often not observed. In death by acute asphyxia, SP-A immunostaining of 
the lungs shows evidence of granular staining as well as changes in SP-A 
mRNA. Furthermore, in death by acute hypoxia, ubiquitin immunostaining of the 
midbrain has revealed a high rate of positive findings and an increase in erythropoi- 
etin mRNA level in the tissue of the kidneys [29, 52]. Blood concentrations of indi- 
ces of myocardial injury [creatinine kinase-MB, cardiac troponin (cTnI), and cTnT] 
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and central nervous system disorder (S100 proteins) are often elevated in cases of 
death by acute asphyxia, and rapidly progressing hypoxia is likely to cause multiple 
organ failure in a short period of time. 

A recent study that explored new biomarkers for hypoxia associated with 
asphyxia found G6PC3, ALDOA, and CS, which encode catalytic subunit 3 of 
DUSP1, KCNJ2, and glucose 6-phosphatase, to be useful candidate genes [53, 54]. 


3.4.3 Sudden Cardiac Death 


In biochemical and immunohistochemical testing for sudden cardiac death, hyper- 
uricemia and granular changes in SP-A immunostaining of the lungs are seen, simi- 
lar to cases of death by asphyxia. Furthermore, molecular biological testing reveals 
changes in SP-A mRNA. This is likely because of pulmonary edema-related dys- 
pnea. In other dynamic analyses of hypoxia and ischemia-related factors in kidney 
tissue, increasing trends are seen in both erythropoietin and VEGF mRNA. 

Macroscopic autopsy findings for atrial natriuretic peptide (ANP) and brain 
natriuretic peptide (BNP) as indices of cardiac dysfunction, including sudden car- 
diac death, were also compared in the myocardium of similar cases of deaths by 
asphyxia and drowning. Compared with cases of sudden cardiac death, cases of 
deaths by asphyxia and drowning showed lower ANP and BNP mRNA levels in the 
left and right cardiac walls. However, this difference was not clear in immunohisto- 
chemistry. This indicates a difference between sudden cardiac death and cardiac 
dysfunction caused by asphyxia or drowning [41-43]. 

In recent years, reports, primarily in clinical medicine, have emerged that exam- 
ine sudden cardiac death from the perspective of clock genes. However, few studies 
have used examples of human autopsies. Clock genes control the diurnal expression 
of output genes in peripheral tissue by using signaling factors such as hormones. The 
expression rhythms of these clock genes have been found to be strongly associated 
with diseases such as myocardial infarction and hypertension. We investigated the 
diurnal expression of clock genes in various cases of sudden cardiac death to exam- 
ine how catecholamines as signaling factors were associated with acute ischemic 
heart disease (10 cases), acute myocardial infarction (11 cases), and recurrent myo- 
cardial infarction (15 cases) within 2 days following death. In addition to analyzing 
the mRNA expression of the clock genes BMAL1, PER2, and REV-ERBa by esti- 
mated time of death using cardiac tissue from five sites (left ventricular anterior and 
posterior walls, right ventricular wall, and left and right atria), we also measured and 
compared catecholamine levels in the blood on the right side of the heart using high- 
performance liquid chromatography. We also used immunohistochemistry to exam- 
ine the location of various clock genes at the protein level. BMALI gene expression 
in acute ischemic heart disease was trimodal and elevated at 04:30, 10:30, and 21:00, 
whereas PER2 gene expression was also trimodal but in inverse phases to BMALI 
gene, at 10:00, 14:00, and 23:00. PER2 gene expression correlated with fluctuations 
in adrenaline and noradrenaline in the blood. In acute myocardial infarction, BMAL1 
gene expression was trimodal, whereas PER2 gene expression was bimodal. Both 
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BMAL I and PER2 gene expressions also showed mutually inverse phases. BMAL1 
gene expression was correlated with fluctuations in adrenaline and noradrenaline in 
the blood. REV-ERBa gene expression, meanwhile, showed mostly inverse phases 
to BMALI gene expression in acute ischemic heart disease and acute myocardial 
infarction but with variations. BMAL1 and PER2 gene expressions in recurrent 
myocardial infarction showed mutually inverse phases, but both expression patterns 
were unimodal, and neither of the clock gene was associated with blood adrenaline 
and noradrenaline levels. REV-ERBa gene expression varied in recurrent myocar- 
dial infarction. No association was seen between blood dopamine level and each 
clock gene expression in any of the sudden cardiac death groups. The results of this 
study revealed that BMAL1 and PER2 gene expressions in acute myocardial infarc- 
tion functions regulate catecholamines. Meanwhile, BMAL1 gene expression in 
acute ischemic heart disease and recurrent myocardial infarction may either be inca- 
pable of producing catecholamines without regulating blood catecholamine levels or 
may lead to death due to different pathologies such as arrhythmia before catechol- 
amines are produced (Figs. 3.2, 3.3 and 3.4) [55]. 
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Fig. 3.2 Correlation between clock gene expression and catecholamine levels in acute ischemic 
heart disease (AIHD). (a) BMAL] mRNA expression (line graph) and BMAL]1 protein expression 
(bar graph) in AIHD. (b) PER2 mRNA expression (line graph) and PER2 protein expression (bar 
graph) in AIHD. (c) Western blotting analysis of BMALIand PER2 in AIHD. The red lines indi- 
cate the inefficiency of Western blotting because of inadequate sample quantity. (d) Right heart 
blood catecholamine concentrations in AIHD. (e) Immunohistochemical appearance of myocar- 
dium in AIHD. Sections were stained for BMALI [(i) low BMALI expression, (11) high BMALI 
expression] and PER2 [(i11) low PER2 expression, (iv) high PER2 expression]. Cited and modified 
from Tani et al. [55] 
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Fig. 3.3 Correlation between clock gene expression and catecholamine levels in acute myocardial 
infarction (AMI). (a) BMALI mRNA expression (line graph) and BMALI protein expression (bar 
graph) in AMI. (b) PER2 mRNA expression (line graph) and PER2 protein expression (bar graph) in 
AMI. (c) Western blotting analysis of BMALland PER2 in AMI. (d) Right heart blood catechol- 
amine concentrations in AMI. (e) Immunohistochemical appearance of myocardium in AMI. Sections 
were stained for BMAL1 [(1) low BMALI expression, (11) high BMAL/ expression] and PER2 [(111) 
low PER2 expression, (iv) high PER2 expression]. Cited and modified from Tani et al. [55] 


3.4.4 Heatstroke 


In blood biochemistry, increases in blood creatinine, uric acid, SP-A, and myocar- 
dial marker levels are confirmed as findings of multiple organ failure. However, 
very few reports have pathophysiologically examined heatstroke in humans from a 
molecular biological perspective. In a study that used a mouse model of heatstroke, 
mRNA expression of cytokines and chemokines including tumor necrosis factor 
(TNF)-a, IL Ginterleukin)-16, and macrophage inflammatory protein-2 was found to 
occur within a short period of time [56]. Therefore, hypercytokinemia is likely to be 
heavily involved in the pathophysiology of heatstroke [57]. 


3.4.5 Death by Drowning 


Serum urea nitrogen, sodium, calcium, and magnesium have been used in biochem- 
ical testing to differentiate death by drowning in freshwater from that in seawater. In 
molecular biological testing, some cases of death by drowning in freshwater show 
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Fig. 3.4 Correlation between clock gene expression and catecholamine levels in recurrent myocar- 
dial infarction (RMI). (a) BMAL/] mRNA expression (line graph) and BMALI protein expression (bar 
graph) in RMI. (b) PER2 mRNA expression (line graph) and PER2 protein expression (bar graph) in 
RMI. (c) Western blotting analysis of BMALland PER2 in AMI. The red lines indicate the ineffi- 
ciency of Western blotting because of inadequate sample quantity. (d) Right heart blood catechol- 
amine concentrations in RMI. (e) Immunohistochemical appearance of myocardium in RMI. Sections 
were stained for BMAL1 [(1) low BMALI expression, (11) high BMALI expression] and PER2 [(i11) 
low PER2 expression, (iv) high PER2 expression]. Cited and modified from Tani et al. [55] 


changes in SP-A mRNA in the lungs that are similar to findings in asphyxia. 
However, the main pathologies are metabolic and circulatory disorders, which show 
that these cases of deaths differ from those that primarily involve hypoxia, such as 
asphyxia [44, 48]. The kidneys show increases in VEGF mRNA level, mainly 
caused by circulatory impairment. Other signs of myocardial and central nervous 
system injuries are unremarkable. 

Death by drowning includes complex fatal pathologies such as a strong electrolyte 
imbalance. We quantitatively examined the mRNA of SP-A, SP-D, TNF-a, IL-18, and 
IL-10 in various deaths, including those by drowning, and found SP-A and SP-D 
mRNA levels to be low in cases of deaths by hypothermia, drowning, asphyxia, fire, 
and acute cardiac death. In death by drowning, TNF-a, IL-18, and IL-10 mRNA levels 
were high. Early signs of suppression of pulmonary surfactant and inflammation 
exhibited a characteristic molecular biological pattern of lung injury in death by 
drowning [44]. 

Deaths occurring in the bathtub, which are quite a peculiar phenomenon in 
Japan, primarily involve changes in hemodynamics during bathing and the con- 
comitant inhalation of water. Death during bathing should be differentiated from 
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death by heatstroke resulting from a high water temperature, sudden cardiac death, 
arrhythmia, and drowning; however, the possibility that these pathologies may actu- 
ally be included cannot be ruled out. Findings for the aforementioned related causes 
of death could serve as a reference for differentiation. 


3.4.6 Death by Fire 


In fires, lethal factors, including high temperature or heat, toxic gases such as 
carbon monoxide, and oxygen deficiency, are complexly involved. Biochemical 
analyses reveal myoglobinuria as an index of heat-related skeletal muscle injury. 
Other findings are also observed, such as increases in serum SP-A and membra- 
nous changes on SP-A immunostaining of the lungs suggestive of alveolar dam- 
age caused by heat or toxic gas. Molecular biological testing, meanwhile, shows 
increases in SP-A mRNA in the lungs that are indicative of respiratory failure, 
and increases in VEGF mRNA in the kidney tissue are indicative of circulatory 
failure [29]. 


3.4.7 Acute Poisoning 


In autopsies of death by central nervous system depressants such as alcohol or psy- 
chotropic drugs, the main confirmed finding 1s advanced pulmonary edema. In such 
cases, the presence of hyperuricemia and SP-A-containing macrophages in the 
alveoli are confirmed by blood biochemistry and immunohistochemistry. A typical 
pathological picture of stimulant intoxication is elevated serum creatinine and uric 
acid levels as indices of skeletal muscle injury. Molecular biological changes 
include alterations in SP-A mRNA similar to asphyxia that are indicative of respi- 
ratory failure. Recent studies on changes in TNF-a, IL-1B, iNos, and Nrf2 in the 
brain have shown high IL-18, TNF-a, and iNos expression levels in stimulant 
intoxication and stronger expression of Nrf2 compared with death by hypothermia 
[56]. These findings exhibit the same trend in death by heatstroke as well as in 
stimulant intoxication. When used as an index of central nervous system dysfunc- 
tion, these findings of stimulant intoxication indicate the same pathophysiology as 
that of heatstroke, in the same manner as clinical findings of hyperthermia and 
other pathologies [58]. 

Furthermore, from the perspective of cerebral edema, the mRNA of aquaporin 4 
(AQP4) and matrix metalloproteinase 9 (MMP-9) showed high expression levels, 
whereas claudin-5 (CLDN5) and MMP-2 exhibited low expression levels. These 
findings suggest that changes in CLDN5 and MMP-9 in methamphetamine poison- 
ing increase the permeability of the blood-brain barrier. Increases in AQP4 mRNA 
appear to be a defensive reaction geared toward removing extracellular fluid from 
the brain [59-61]. 
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3.4.8 Death by Hypothermia 


SP-A and SP-D (SP-A1b, SP-A2b, and SP-D) and intrapulmonary MMP-9 mRNA 
expressions are high in death by hypothermia, which is indicative of damage to the 
extracellular matrix. The known circulatory system markers ANP and BNP both 
show high expression levels in the left and right atria and ventricles. Changes in 
mRNA in the myocardium are thought to be mainly caused by circulatory failure 
than by localized myocardial injury associated with cold [44]. 


3.5 Approaches to Molecular Biological Testing in Autopsies 


Based on a small portion of research reports claiming that postmortem mRNA is unsta- 
ble, some negative opinions exist of the pathophysiological analysis [9] associated with 
mRNA screening in humans in examinations of mRNA expression using autopsy sam- 
ples. These researchers have evaluated gene expression using RNA, which is generally 
employed as a template, and have on occasions miscalculated the level of gene expres- 
sion due to RNA decomposition. This is because the reliability of the gene expression 
analysis depends on the quality of the RNA sample. Thus, the use of low-quality RNA 
can lead to misinterpretation of gene expression. When examining human mRNA lev- 
els where the decomposition rates of target genes and internal standard genes are the 
same, the target gene expression level corrected for internal standard gene expression 
will be the same as that at the time of death, even 1f the genes have decomposed as the 
postmortem period has progressed. Thus, to determine the correct gene expression 
level at the time of death, an animal model is created and presented where great impor- 
tance is placed on the fact that the target gene expression level increases in line with the 
postmortem period [9]. This occurs in the same way as the cycle threshold for internal 
standard gene expression, 1.e., the decomposition rate is the same. Regardless of the 
pathology behind this kind of presentation, the final pathology of humans begins with 
simple heart failure; animal experiments that ignore pathological analyses in humans 
can be considered the pivoting point. In other words, diseases are not consistent, and 
even if their pathologies are similar, it is implausible that the pathology will be abso- 
lutely the same in terms of sex, age, physique, and other factors. Results for animals are 
only results involving absolutely uniform conditions. If mRNA uniformly breaks down 
as a result of postmortem changes, results would likely also be uniform; no changes 
would be seen as a result of pathological differences. Thus, to address these hypotheses 
or opinions, a sample size of at least several hundred cases instead of only a few cases 
must be examined and discussed when investigating human samples instead of animal 
models. Furthermore, because of the types of organs and other factors, one must begin 
by determining the appropriate internal standard substances. In studies till date, stable 
results have been obtained up to 48 h postmortem in terms of the RNA integrity num- 
ber and cycle threshold. Therefore, the changes in various markers as a result of the 
discovered pathology cannot be ignored when evaluating the pathology in question. 
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3.6 Conclusions 


Macroscopic and microscopic morphological approaches form the foundation of 
autopsy diagnosis. However, fatal pathologies based on macroscopic findings alone 
do not only affect the death process. Systemic biochemical and molecular biological 
approaches to pathologies without direct morphological changes are not merely 
limited to general theoretical cause of death analyses; they are also important in 
aiding with the diagnosis of individual cases and in objectively evaluating patholo- 
gies. The concept of “molecular autopsy” has recently emerged and is proving use- 
ful in diagnoses involving genetic screening in cases of sudden cardiac death in 
young people with few macroscopic findings. 

The most important point here is that further examination is required to avoid 
results being arbitrarily judged by researchers as “useful markers” or “useless mark- 
ers” when findings of case studies in just animal models or a small number of cases 
only produce results that apply or do not apply to clinical standards. Furthermore, 
applying the results of animal experimentations directly to human pathologies is 
nonsensical, at least in terms of autopsy diagnosis. As previously mentioned, 
researchers must keep in mind the fact that no two pathologies are absolutely the 
same. 
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Chapter 4 A 
Alcohol and Pathophysiology gzs 


Risa Kudo, Katsuya Yuui, and Katsuhiko Hatake 


Abstract Itis known that moderate alcohol consumption prevents arteriosclerosis 
and decreases the risk of developing cardiovascular diseases. However, it is also 
known that organ dysfunction due to long-term excessive alcohol consumption 
involves the whole body and causes various organ dysfunctions. The WHO (World 
Health Organization) has indicated that alcohol consumption has been identified as 
a component cause for more than 200 diseases, injuries, and other health conditions 
with ICD-10 codes. Also, in recent years, various alcohol biomarkers effective for 
diagnosis have been developed. The findings about alcohol-related disorders in the 
organs and alcohol biomarkers are very helpful in not only clinical practice but also 
the legal medicine field. This chapter outlines the pathogenic mechanism and clini- 
cal condition of alcohol-related disorders in each organ system and alcohol bio- 
markers useful for diagnosis. 


Keywords Alcohol-related diseases - Alcohol metabolism - Blood pressure - 
Vasorelaxation - Biomarkers 


4.1 Introduction 


Orally ingested alcohol is absorbed by all the gastrointestinal tracts from the oral 
cavity to the rectum. Approximately 20% of it are absorbed by the stomach, and 
approximately 80% of it are absorbed by the small intestine. The alcohol absorbed 
by the body is diffused systemically, and approximately 90% of it are metabolized 
by the liver, and the rest of it are excreted outside the body with expiration, urine, 
and sweat. Alcohol metabolism consists of the three stages: (1) metabolization of 
alcohol (ethanol) into acetaldehyde, with alcoholdehydrogenase (ADH), 
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Fig. 4.1 Pathways of ethanol metabolism. Ethanol metabolism consists of three stages from (1) to 
(3). ADH alcoholdehydrogenase; ALDH aldehydedehydrogenase; MEOS microsomalethanoloxi- 
dizing system; CYP2E/ cytochrome P4502E1 


microsomalethanoloxidizing system (MEOS) mainly by cytochrome P4502E1 
(CYP2E1), and catalase system; (2) metabolization of acetaldehyde into acetic 
acid with mainly aldehydedehydrogenase (ALDH); and (3) metabolization of ace- 
tic acid into water and carbon dioxide via the tricarboxylic acid (TCA) cycle 
(Fig. 4.1). 

The absorbed alcohol is metabolized in the liver immediately. If its amount 
exceeds the capacity of alcohol metabolism, the blood alcohol concentration 
increases, leading to drunkenness. Alcohol produces concentration-dependent cen- 
tral nerve system depression. High alcohol intake causes acute poisoning, leading to 
the respiratory/circulatory system depression. When a person is slightly intoxicated, 
his/her blood alcohol concentration is 0.05—0.1%, while a fatal dose is 0.4% or 
more. Considering that the effective concentration and lethal concentration are very 
close, it is necessary to keep the risk of acute poisoning in mind though alcohol is a 
common beverage. 

As the proverb goes, “Sake is the best medicine,’ it is known that moderate alco- 
hol consumption prevents arteriosclerosis and decreases the risk of developing car- 
diovascular diseases. However, it is also known that organ dysfunction due to 
long-term excessive alcohol consumption affects the whole body and causes various 
organ dysfunctions (Fig. 4.2). The WHO has indicated that alcohol consumption has 
been identified as a component cause for more than 200 diseases, injuries, and other 
health conditions with ICD-10 codes [1]. 

There is the pattern of a J-curve indicating that the risk decreases for a small 
amount of drinkers rather than nondrinkers, and the risk increases with the amount 
of drinking when the amount of drinking exceeds the appropriate amount (Fig. 4.3a). 
Ischemic heart disease is known as primary disease indicating this J-curve. In addi- 
tion, cerebral infarction, type II diabetes mellitus, and dementia are also known as a 
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a J-shaped curve b Linear shape c Parabolic shape 
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e.g.: Ischemic heart disease e.g.: High blood pressure e.g.: Alcoholic cirrhosis 
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Fig. 4.3 Linkage between alcohol consumption and morbidity. The vertical axes of these graphs 
show the morbidity, and the horizontal axes show the alcohol consumption. (a) J-shaped curve. (b) 
Linear shape (y = kx). (c) Parabolic shape (y = kx’). “k” represents an arbitrary number other than zero 


disease to follow this pattern [2]. Since the pattern of the total mortality varies 
mainly depending on the tendency of cardiovascular disease, the total mortality also 
follows this J-curve pattern. There is a pattern that the risk increases in proportion 
to an increase of alcohol consumption linearly (y = kx) (Fig. 4.3b); hypertension, 
cerebrovascular disorder, cerebral atrophy, dyslipidemia, and breast cancer follow 
this pattern. Although the risk is not increased by the small amount of alcohol con- 
sumption, it increases exponentially when the amount of alcohol consumption 
increases (y = kx’) (Fig. 4.3c). This pattern is a characteristic of alcoholic cirrhosis. 

In any case, an increased and long-term alcohol consumption may aggravate 
organ dysfunction. This chapter outlines various kinds of alcoholic organ 
dysfunction. 


4.2 Alcoholic Central Nervous System Disorders 


4.2.1 Effects of Alcohol in the Central Nervous System 


Alcohol depresses the central nervous system and leads to drunkenness. Drunkenness 
impairs the sensory function, physical performance, and psychic function, and the 
degree of the disorder depends on the blood alcohol concentration. Alcohol inhibits 
higher brain function. A small quantity of alcohol consumption leads to euphoria, 
talkativeness, and a tipsy feeling due to disinhibition based on the anesthetic action 
of the frontal lobe of the cerebral cortex. In addition, dysfunction of the parietal, 
occipital, and temporal lobes lead to hypoalgesia and an impaired sense of vision, 
taste, and smell. Inhibition of the central nervous system due to a large quantity of 
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alcohol consumption involves the lower central nervous system. Inhibition of the 
limbic system causes impaired emotional behavior and lack of initiative. Inhibition 
of the cerebellum causes movement disorder and gait disturbance. Then, inhibition 
of the brainstem leads to coma, respiratory arrest, and death. 

It is considered that the effects of alcohol on the central nervous system are 
reversible and do not result in organic disorders in the brain cells. However, a 
chronic large amount of alcohol intake causes disorders of the cerebrum, cerebel- 
lum, brainstem, spinal cord, and peripheral nerve, and most of them are irreversible 
changes. Serious vitamin deficiency (deficient intake, malabsorption, and increase 
of the consumption) due to a large amount of alcohol intake may lead to Wernicke- 
Korsakoff syndrome [3]. 

When a large amount of continuous drinking is interrupted or reduced, alcohol 
withdrawal symptoms may occur. As initial alcohol withdrawal symptoms appear- 
ing several hours after abstinence, there are mental symptoms (anxiety, irritability, 
insomnia, depression), autonomic symptoms (tremor, sweating, fever, tachycardia, 
hypertension), and gastrointestinal symptoms (anorexia, diarrhea, nausea, vomit- 
ing) observed. Most cases are relieved by initial withdrawal symptoms alone. 
However, in addition to initial symptoms, alcoholic hallucinations and withdrawal 
epilepsy might develop. Furthermore, rarely initial symptoms might develop to 
tremor delirium, the most severe alcohol withdrawal symptom that appears after 
several days after abstinence. 

It is known that NMDA (A-methyl-p-aspartate: glutamic acid) and GABA 
(y-aminobutyric acid) are involved in the cause of alcohol withdrawal symptoms. 

As mentioned above, since alcohol inhibits the central nerve, alcohol stimulates 
the GABA, receptor, which is a suppressive system of the central nervous system, 
and suppresses the excitatory NMDA receptor. During chronic heavy drinking, the 
reactivity of the GABA, receptor decreases compensatingly, and the sensitivity of 
the NMDA receptor also changes. However, when drinking is interrupted, the 
NMDA receptor is excessively stimulated, the excitatory transmission in the brain 
is also activated, and withdrawal symptoms occur [4, 5]. Other mechanisms of alco- 
hol withdrawal symptoms are thought to be an increase in noradrenaline concentra- 
tion in the blood and cerebrospinal fluid, hypomagnesemia, and respiratory alkalosis 
due to neuron injury in the respiratory center. 


4.2.2 Alcohol Abuse and Mood Disorders 


Since alcohol is likely to result in mental dependence and physical dependence and 
causes tolerance easily, an increase of alcohol consumption might lead to alcohol abuse. 
Alcohol abuse is known to have high comorbidity with mood disorders. The incidence of 
comorbidity varies depending on the country and race. However, overseas epidemiologi- 
cal surveys and clinical studies reported a strong association between alcohol abuse and 
mood disorders from a long-term perspective. According to the National Epidemiologic 
Survey on Alcohol and Related Conditions (NESARC), which was a large-scale epide- 
miological study performed in at least 40,000 adults (18 years old or older) in the USA 
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using the Diagnostic and Statistical Manual of Mental Disorders (DSM)-IV as diagnos- 
tic criteria, there is a strong association between substance use disorders, including alco- 
hol abuse, and non-substance-induced mood disorders [6]. Substance use disorders are 
mental disorders caused by the use of substances (alcohols, hazardous drugs, stimulants, 
etc.) that originally do not exist in the body but enter the body and affect the brain. In the 
NESARC, approximately 20% of patients with some kind of mood disorder had at least 
one substance use disorder. As alcohol use disorders are generally known as alcohol 
dependencies, hereinafter they are referred to as alcohol dependence. 


4.2.3 Alcohol Dependence and Bipolar Disorder 


In previous epidemiological studies, it was reported that the comorbidity between 
alcohol dependence and bipolar disorder ranges from approximately 20 to 60%; 
however, often the comorbidity is reported as at least 30% [7]. It has been pointed 
out that a factor of high comorbidity between alcohol dependence and bipolar dis- 
order is the possibility of overdiagnosis due to the fact that chronic drunkenness and 
symptoms of the alcohol withdrawal period are similar to symptoms of bipolar dis- 
order. As another factor, it may be influenced by repeated alcohol consumption to 
divert bipolar patients from their depressive state or maintain the exhilarating effects 
of the manic state. In other words, bipolar patients may consume alcohol as self- 
medication, which may progress to alcohol dependence. Furthermore, alcohol 
dependence has been suggested to adversely affect the pathology of bipolar disorder 
itself, its treatment, and outcomes. In relation to these aspects, it is known that both 
patients with alcohol dependence and patients with bipolar disorder are at high risk 
of suicide; there is a report that the rate of attempted suicide is remarkably higher in 
patients with comorbidities of alcohol dependence and bipolar disorder [8]. 


4.2.4 Alcohol Dependence and Unipolar Depression 


It has also been reported that the comorbidity of alcohol dependence and unipolar 
depression is high. Such comorbidity has various patterns. Based on the difference in 
the timing of onset, a case where depression is complicated by alcohol dependence 
may be referred to as primary depression, while a case where alcohol dependence is 
complicated by depression may be referred to as secondary depression. In secondary 
depression, it 1s often difficult to exclude the depressive state from heavy drinking. 
But in depression patients with a history of alcoholism, the risk of developing severe 
depression compared to depression patients without has been reported as four times 
higher [9]. This suggests that alcohol dependence may be arisk factor for depression. 
Regarding the risk of suicide that has been considered as a serious problem recently, 
the rate of suicide in patients with alcohol dependence is high and similar to that of 
patients with depression. In previous studies, the most common psychiatric disorder 
in people who attempted suicide was mood disorders, followed by substance-related 
disorders (especially, alcohol dependence) [10]. For the influence of comorbidity of 
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alcohol dependence and unipolar depression on suicidal behavior, an increase in sui- 
cide attempts was found in patients either case, regardless of the order of onset of the 
diseases, indicating that the risk of suicide is higher in patients with comorbidity. 

From the biological perspective, it has been suggested that there is a common 
pathological condition for alcohol dependence and depression. Suppression of neuro- 
genesis in the hippocampus is observed in both pathologies, and it is thought that a 
change in the neurogenesis mechanism of the brain based on an abnormality in neural 
stem cell differentiation function is closely related to both pathologies. It is thought 
that not only the regression of mature neurons but also abnormalities in the function 
which produce and replenish nerve cells newly contribute to organic changes, such as 
atrophy of the hippocampus, found in patients with alcohol dependence or depression. 
As a mechanism of alcohol-induced inhibition on neural differentiation, it is thought 
that the expression of the gene cluster involved in the terminal differentiation of the 
nerve cells is inhibited by the robust binding of neuron-restrictive silencer factor 
(NRSF) as a regulator of transcriptional control elements [11]. 


4.3 Alcoholic Circulatory Diseases 


4.3.1 Alcohol and Hypertension 


The association between alcohol intake and arterial hypertension, which was reported 
by some cross-sectional studies including a study by Klatsky et al. [12] in the 1970s, is 
globally well-known. In a small amount of alcohol intake (<10 g/day), blood pressure 
reduction temporarily occurs due to the vasodilating action of acetaldehyde several 
hours after drinking. However, beyond this amount of alcohol intake, blood pressure 
Increases as the amount of alcohol intake increases, and the risk of hypertension 
increases approximately linearly [13] (Fig. 4.3b). In other words, alcohol intake beyond 
the habitual appropriate amount causes chronic elevation of blood pressure, which 
results in onset of hypertension. As the mechanism, the following are known [14] but not 
fully understood: vasoconstrictor action due to alcohol; an increased epinephrine release 
due to activated central sympathetic nerve activity; an increased concentration of corti- 
sol and catecholamine, as effects through the endocrine system; activated renin-angio- 
tensin-aldosterone system activity; and loss of electrolytes such as calcium or magnesium 
from the kidney. Hypertension is a risk factor of arteriosclerosis and induces coronary 
artery disease and cerebrovascular disease mentioned in the next section. 


4.3.2 Alcoholic Coronary Heart Disease 


It is shown that appropriate amount of alcohol intake (5—30 g/day) reduces the risk 
of developing disease such as arteriosclerosis, myocardial infarction, and coronary 
artery disease, regardless of age [15]. Protection ability involving lipoprotein cho- 
lesterol such as an increase of high-density lipoprotein (HDL) cholesterol and a 
decrease of low-density lipoprotein (LDL) cholesterol is thought as the mechanism 
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that appropriate amount of alcohol intake is beneficial for the cardiovascular system 
[16]. As the other mechanisms, the following are considered: vasorelaxation by 
increased vasorelaxant substance including nitric monoxide, increase of adiponec- 
tin [17], inhibition of gluconeogenesis [18], anti-inflammatory action for systemic 
inflammation [19], changes in coagulation/fibrinolytic system such as decreased 
platelet aggregation [20], and improvement of insulin sensitivity. 

However, a large amount of alcohol consumption causes elevation of blood pres- 
sure and an increase of oxidative stress due to aldehyde, thrombus due to enhanced 
platelet aggregation [21], and increase of neutral fat and aggravation of glycemic 
control because of an increase of very low-density lipoprotein (VLDL), which 
increases the risk of developing arteriosclerosis and cardiovascular events. 

Recently, it has been reported that there 1s a difference in the incident of coronary 
artery disease among the countries where the people show similar LDL cholesterol 
level. Especially, in France, the incidence 1s low, and therefore antioxidant action of 
polyphenol in red wine as well as famous “French paradox” has attracted attention. 
Oxidized LDL which is produced by reactive oxygen produces atheroma via some 
steps. Above all, small dense LDL, which is oxidized easily, is one of arteriosclero- 
sis accelerators. It is suggested that polyphenol in red wine may have an antioxidant 
action which prevents this oxidation [22]. 

As mentioned above, appropriate amount of alcohol intake has beneficial effect on 
arteriosclerosis. Its effect on the onset of actual cardiovascular events has also been 
reported. According to an animal experiment, the size of myocardial infarction was 
decreased in the experiment animals with myocardial infarction which were treated with 
a small amount of ethanol as compared with the untreated animals [23]. This beneficial 
effect was thought to be obtained via adenosine A1 receptor. In our animal experiment, 
the animals which were treated with a small amount of ethanol showed enhanced vaso- 
relaxation and increased blood flow as compared with the untreated control group [24]. 

On the other hand, it is clear that a large amount of alcohol consumption increases 
arteriosclerosis and cardiovascular events. The abovementioned animals with myo- 
cardial infarction showed administration of a large amount of ethanol results in an 
increase of infarction lesion. In addition, the abovementioned animals in our study 
demonstrated that a moderate to large amount of ethanol inhibited vasorelaxation 
and blood flow as compared with the untreated animals [25]. 


4.3.3 Alcoholic Cerebrovascular Disease 


Cerebrovascular diseases are mainly known as hemorrhagic stroke and ischemic 
stroke. Different forms (1.e., linear shape and J-shaped curve) of onset risks are seen 
in these diseases, depending on the amount of alcohol consumption [26]. 

The risk of hemorrhagic stroke including cerebral hemorrhage and subarachnoid 
hemorrhage is increased by the amount of alcohol consumption linearly [27] (Fig. 4.3b). 
Elevated blood pressure, inhibited platelet aggregation, inhibited blood coagulation, 
and vascular injury due to head trauma are thought as the mechanism [28]. 
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On the other hand, ischemic stroke including cerebral infarction shows a J-shaped 
association with alcohol intake (Fig. 4.3a). It has been reported that an appropriate 
amount of alcohol intake (<35 g/day) reduces the risk than cessation of alcohol, while a 
large amount of alcohol intake increases the risk [26]. The mechanism of the protective 
efficacy of alcohol on cerebral infarction may be similar to that of the efficacy on above- 
mentioned cardiovascular system, including antithrombotic effects via alternation of 
platelet function [29]. In fact, an animal experiment showed that moderate amount of 
ethanol improved the infarction lesion in the animals with cerebrovascular disorder [30]. 
In addition, the factors of the onset of ischemic stroke due to a large amount of alcohol 
consumption are considered to be elevated blood pressure, cerebral vasospasm, induced 
arrhythmia, myocardial disorder, inhibited fibrinolytic system, and dehydration [27]. 


4.4 Alcoholic Digestive System Disease 


4.4.1 Alcoholic Gastrointestinal Disorders 


In healthy subjects without severe gastric mucosal damage, a low-concentration alco- 
hol promotes gastric-acid secretion. However, it is a common opinion that alcohol of 
such an effect as aperitif is expected to a small amount of low-concentration alcohol 
consumption and that the digestive organ is impaired by a large amount of alcohol 
consumption. Digestive system disease is the most common disease as lifestyle- 
related disease due to alcohol consumption, and there are various clinical symptoms. 
As gastrointestinal lesions caused by a large amount of alcohol consumption, Mallory- 
Weiss syndrome, acute gastric mucosal lesion, and esophagitis are well-known. The 
association with gastrointestinal ulceration is also suggested. Some patients with such 
lesions experience diarrhea and malabsorption. In addition, esophageal varices associ- 
ated with alcoholic pancreatitis and alcoholic cirrhosis are also reported [31]. Although 
the protective efficacy of moderate alcohol consumption on gastrointestinal ulceration 
associated with decrease of stress is also estimated, no epidemiologic study on moder- 
ate alcohol consumption for digestive system disease has been established. 


4.4.2 Alcoholic Liver Disease 


The liver is an organ which is the most likely to be impaired by alcohol because it 
controls metabolism of alcohol. Alcoholic liver disorder is liver disorder caused by 
excessive drinking, most of which occurs by continuing drinking alcohol consump- 
tion of 60 g/day or more for 5 or more years. Among alcohol-dependent patients, the 
rates of progress to cirrhosis are 20-30%, and the susceptibility of liver damage to 
alcohol varies from individual to individual. Progression to cirrhosis is affected by 
gender difference, age, nutritional status, and genetic predisposition such as ALDH, 
immune function, and so on. 
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In the past, alcohol was not directly hepatotoxic, and malnutrition due to a large 
amount of alcohol consumption was considered to be the main liver disorder. However, 
Lieber et al. fed baboons with alcohol-added complete liquid diet containing sufficient 
amounts of protein and vitamins to prepare fatty liver, liver fibrosis, and cirrhosis 
models and proved that chronic intake of alcohol alone caused diverse liver damage 
[32, 33]. Currently, the following five mechanisms are considered as the main mecha- 
nisms of the onset and progression of alcoholic liver injury: (1) hepatotoxicity by 
alcohol and metabolite acetaldehyde itself, (2) burden on metabolic systems such as 
NADH and CYP2E1 by alcohol metabolism, (3) activation of Kupffer cells by endo- 
toxin derived from intestinal flora and induction of inflammatory cytokines such as 
TNF-a, (4) liver microcirculation disorder due to alcohol, and (5) iron overload. Many 
of these factors are complexly related, many of which cause hypoxia and mitochon- 
drial disorders, eventually resulting in liver damage via oxidative stress. 

A large amount of alcohol consumption causes firstly fatty liver which is found 
in most of drinkers of large amount of alcohol. It is a main cause, that is, ethanol 
inhibits fatty acid oxidation and promotes biosynthesis of fatty acid. When continu- 
ing to drink a large amount of alcohol further, 10-20% of them will progress to 
alcoholic hepatitis. Oxidative stress is said to be involved in the mechanism of liver 
injury, but this is because CYP2E1 activity is enhanced, superoxide is produced, 
superoxide is converted to hydrogen peroxide by superoxide dismutase (SOD), and 
hydrogen peroxide is a source of strong oxidative stress. 

In the liver tissues, invasion of leukocytes, necrosis of the hepatic cells, ballooning 
degeneration, cholestasis, and fibrosis around the hepatocytes and in the central vein 
area are found. Then, symptoms such as exacerbation of the liver function (aspartate 
aminotransferase [AST] > alanine aminotransferase [ALT]), jaundice, fever, vomit- 
ing, and diarrhea are observed. Some patients, who have alcoholic hepatitis compli- 
cated by hepatic encephalopathy, pneumonia, gastrointestinal bleeding, acute renal 
failure, and endotoxemia, might develop severe alcoholic hepatitis which might lead 
to early death. If patients with alcoholic hepatitis which has not been aggravated con- 
tinue a large amount of alcohol consumption, they might develop alcoholic liver fibro- 
sis, leading to alcoholic cirrhosis (Fig. 4.3c). In such a case, it is clear that the mortality 
rises, and it is suggested that viral liver damage may be promoted, especially cancero- 
genesis may be also promoted in patients with hepatitis C [34]. 

In this way, for the liver, commonly cessation of alcohol seems to be considered as 
the best. However, in a study performed in the experiment animals with liver damage, 
a large amount of ethanol intake exacerbates the liver, while a small amount of it 
improves microcirculation and liver function by reducing the amount of leukocyte con- 
glutination to the hepatic sinusoid [35]. As the mechanisms of this improvement, it is 
thought that ethanol causes decrease in TNF-a level in blood and increases in nitric 
oxide (NO) production [36]. In a study by Zhang et al. in which was also performed in 
the experimental animals [37], chronic administration of a small amount of ethanol 
promoted liver regeneration after partial hepatectomy, reduced the range of necrosis of 
the liver tissues with D-galactosamine hydrochloride, and promoted the early recovery 
from this liver damage. It 1s expected that the mechanism will be clarified and will be 
used for clinical application as further studies of this field develop in the future. 
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4.4.3 Alcoholic Pancreatitis 


Recently, the incidence of alcoholic pancreatitis has increases though it is lower 
than that of liver damage. The most common cause of pancreatitis is alcohol con- 
sumption (accounts for approximately 40% of acute pancreatitis and 70% of chronic 
pancreatitis). Patients with a higher amount of alcohol consumption show a higher 
risk of acute pancreatitis and a higher rate of progression to chronic pancreatitis. 
Excessive alcohol intake influences both the pancreas as a parenchymatous organ 
and the papilla of the duodenum as a discharge route of bile and pancreatic juice. 
Alcohol in the stomach stimulates extramedullary succagogue hormones such as 
gastrin, cholecystokinin, and secretin and promotes pancreatic secretion. On the 
other hand, alcohol in the duodenum causes edema and contraction of the Oddi 
muscle and inhibits drainage of pancreatic juice. Furthermore, the level of protein in 
pancreatic juice increases, which leads to production of protein emboli in the ductus 
pancreaticus and causes poor drainage of pancreatic juice. As a result, the pancre- 
atic duct pressure is elevated, leading to necrosis of the pancreatic parenchyma. In 
addition, alcohol and its metabolites may cause disorders in the pancreatic paren- 
chyma directly or via metabolic abnormality. Genetic background may be involved 
in these disorders. In patients with chronic recurrent pancreatitis, deterioration of 
the pancreatic parenchyma may progress during the transition from a compensated 
to a decompensated condition. They may also develop steatorrhea or pancreatic 
diabetes (approximately 50% of chronic pancreatitis) because of loss of exocrine 
and endocrine pancreatic function. 


4.5 Carbohydrate Metabolism Disorder Caused by Alcohol 


Alcohol is thought not to stimulate secretion of insulin directly. However, it has 
been reported that appropriate quantities of alcohol consumption is effective for 
type II diabetes mellitus by improving and enhancing the effects of insulin or 
improving insulin resistance [38]. In another report, a large amount of alcohol 
results in impaired glucose use in the peripheral tissues, leading to hyperinsulinemia 
[39]. Alcohol can cause hyperglycemia and hypoglycemia depending on the condi- 
tions such as the amount and duration of alcohol consumption and the contents of 
meal. Hypoglycemia due to alcohol usually occurs under the condition of decreased 
amount of glycogen stored in the liver because of long-term fasting or under the 
condition of drinking with low-calorie diets; this is because the NADH/NAD ratio 
in the liver is increased by alcohol metabolism and NAD necessary for glucogenesis 
is decreased. Meanwhile, hyperglycemia due to alcohol is caused by increased 
hepatic glycogenolysis and a transient elevated blood glucose level. In patients with 
excessive calories because of alcohol or carbohydrate, increased appetite due to 
alcohol consumption, and eating for a prolonged time, progression of obesity and 
enhanced insulin resistance might be complicated by loss of control of blood sugar 
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and hypertriglyceridemia. In addition, if they suffer from cirrhosis after long-term 
consumption of a large amount of alcohol, they will develop impaired glucose toler- 
ance; alcohol consumption under such a condition may lead to postprandial hyper- 
glycemia and hypoglycemia after alcohol consumption. At present, it is suggested 
that moderate alcohol consumption may be effective for impaired glucose tolerance. 
It is expected that further studies will clarify these mechanisms. 


4.6 Alcohol and Cancer 


Alcohol consumption as well as smoking 1s a typical carcinogen. The International 
Agency for Research on Cancer (IARC) of the WHO concluded that the mouth 
(oral), laryngopharynx, esophagus, and liver are organs in which cancer develops by 
alcohol consumption, and “alcohol is a carcinogen to human body” [33]. In addi- 
tion, recently, it has been found that the risk of cancer of the upper and lower gas- 
trointestinal tracts, the prostate gland, and the large intestine and female breast 
cancer is increased by alcohol consumption. 

As previously described, alcohol is metabolized into cancer-causing acetalde- 
hyde by ADH. Then, it is converted into acetic acid by ALDH. Various genetic poly- 
morphisms exist in ADH and ALDH, individually. 

ADH consists of five classes. Class 1 develops commonly in the hepatic cells 
and plays an important role in alcohol metabolism. Class 1 ADH genes (ADH1B) 
include two single nucleotide polymorphisms (SNPs); the three kinds of genes are 
called ADHIBI1, 1B2, and 1B3. Asians commonly have ADH1B2, while 
Caucasians commonly have 1B1. Alcohol metabolism is slower in 1B2 than 1B1. 
It is known that 1B2 increases the risk of oral/laryngopharynx cancer and esopha- 
geal cancer. 

ALDH is classified into 1-10. ALDH1 developing in the cytoplasm contributes 
to metabolism of high-level acetaldehyde. ALDH2 developing in the mitochondria 
is associated with metabolism of low-level acetaldehyde. The SNP, which defines 
glutamic acid/lysine change at amino acid 487 for ALDH2, is named ALDH2 *1 
(normal type) and ALDH2 *2 (defect type). As for racial differences, most of 
Caucasians and African American have ALDH2 *1, while the ratio of homozygous 
or heterozygous for ALDH2*2 is higher in the Asians. ALDH2 *2 accounts for 
50% and 0% in Japanese and Caucasians, respectively. Thus, metabolism of acet- 
aldehyde is poorer in Japanese than in Caucasians. Therefore, in Japanese, acetal- 
dehyde is easy to be accumulated, leading to a higher incidence of alcohol-related 
cancerogenesis for head and neck cancer and colorectal cancer [40]. 

Considering that carcinogenic risks increases in proportion to the amount of 
alcohol consumption and that the morbidity of cancer is higher in drinkers consum- 
ing high levels of alcohol, it is thought that high levels of alcohol may acts as a 
carcinogenetic promoter. In the epidemiologic studies in the Europe and the USA, 
it has been reported that an association between alcohol consumption and female 
breast cancer was found and that an increase of estrogen and folate metabolism 
disorder by alcohol consumption was associated with carcinogenesis. 
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4.7 Alcohol and Aging 


4.7.1 Premature Aging Hypothesis of Alcohol Dependents 


The causes of the age-related changes in physical function can be classified into the 
following three categories: (1) necessarily impaired function by aging, (2) accelera- 
tion of functional decline due to unfavorable environment or lifestyle, and (3) dete- 
rioration of the function associated with disease or disorder. Individual differences 
are observed in age-related changes, but genetic polymorphisms are also involved in 
this individual difference. The influence on overall physical function in aging 
includes arteriosclerosis, impaired antioxidant ability, and hormone or immune sys- 
tem imbalance. The acceleration of functional decline due to unfavorable lifestyle is 
associated with alcohol consumption in addition to smoking and eating habits; the 
premature aging hypothesis in patients with alcohol dependency is known. 

The premature aging hypothesis, which is to assume that the decline of age- 
related neuropsychological ability develops earlier in patients with alcohol depen- 
dency than healthy subjects, has two versions. The first hypothesis is an accelerated 
aging version where patients with alcoholism who have a history of a certain amount 
of alcohol consumption may be likely to experience cognitive decline at any age in 
comparison to healthy subjects. The second hypothesis is an increased vulnerability 
version that cognitive impairment may be found only in elderly patients with long- 
term alcoholism. In other words, it is a hypothesis where vulnerability of the brain 
to alcohol may be increased with advancing age. Noonberg et al. [41] reported that 
the accelerated aging version was reasonable for cognitive impairment in patients 
with alcohol dependency. 

There is also a report regarding brain imaging of normal drinkers that is associ- 
ated with the accelerated aging version. In this report, the degree of cerebral atrophy 
of drinkers who consume one drink (which is assumed to correspond to 22 g etha- 
nol: beer in one medium-sized bottle, double whiskey, one Japanese sake cup [about 
0.18 LJ) is not different from that of nondrinkers. However, there is no difference in 
the cerebral atrophy between drinkers in the 30s vs. nondrinkers in the 40s. Almost 
the same results are found in drinkers in the 40s vs. nondrinkers in the 50s and in 
drinkers in the 50s vs. vs. nondrinkers in the 60s. These results could be explained 
by the accelerated aging version [42]. On the other hand, since atrophy is more 
remarkably found in the elderly with alcohol dependency, their aged brain is thought 
to be more vulnerable because of alcohol as compared with the brain of younger 
people, which can be explained by the increased vulnerability version [43]. 


4.7.2 Alcohol Dependency in the Elderly 


Generally, the amount of alcohol consumption decreases with aging. The cause 
includes reduced tolerance and physical disorders. Some elderly develop alcohol 
dependency with a pathologic drinking pattern. In addition, in the elderly, a decrease 
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of body water is more likely to elevate blood alcohol concentration than younger 
people even if both consume the same amount of alcohol, which leads to stronger 
feelings of drunkenness. Thus, in the elderly, a drinking problem is more likely to 
be manifested in spite of a decrease of alcohol consumption. Naturally, not all peo- 
ple with the habit of drinking alcohol develop alcoholism. Onset of alcohol depen- 
dency varies greatly depending on individual vulnerability. The individual 
differences depend on environmental factors and individual factors. The following 
are involved in individual factors: influence of gastric resection; family history; 
from the biological aspects, polymorphism of alcohol metabolic enzyme such as 
ADH and ALDH; and mutation of the function of dopamine receptors in the reward 
system. 

Although alcohol dependency in the elderly was conventionally a relatively 
rare disease, recently its incidence has steadily increased. The main reason is 
thought to be that alcohol consumption is increased due to extended lifespan. 
Genetic factors are less often found as factors of onset of alcohol dependency in 
the elderly than younger people. Environmental factors are common in the elderly 
with alcohol dependency. As compared with nondrinkers or drinkers of small 
amounts of alcohol, the amount of alcohol consumption throughout life, chronic 
stress, social isolation, and avoidant coping behavior become risk factors for 
them. The types of alcohol dependency in the elderly can be roughly classified 
into two groups: early-onset alcohol dependency and senile-onset alcohol 
dependency. 

Alcohol dependency in the elderly is characterized as follows: (1) abnormal 
behavior is often found under drunkenness (e.g., verbal abuse, urinary inconti- 
nence); (2) withdrawal symptoms such as tremor fingers are not often observed, but 
attentional dysfunction is easily prolonged; (3) physical complications (e.g., cancer, 
diabetes, hypertension) are often observed; (4) weakening and malnutrition due to 
alcohol consumption are remarkable; and (5) there are many cases complicated by 
dementia. 


4.7.3 Alcohol-Related Dementia 


Dementia is a general term for diseases in which social life becomes difficult due to 
impairment of cognitive function. A typical disease is Alzheimer’s dementia, but 
there are various other symptoms such as cerebrovascular dementia, Lewy body 
dementia, frontotemporal dementia, and others. Alzheimer’s dementia and cerebro- 
vascular dementia are known as diseases exhibiting a J-curve, where the risk of 
morbidity decreases with low-volume drinking but increases with high-volume 
drinking (Fig. 4.3a). 

In recent years, alcohol-related dementia (ARD) has been proposed [44]. 
Continuous high alcohol consumption causes cerebrovascular disorders such as 
cerebral infarction, resulting in ARD. In the diagnostic criteria of mental disorders, 
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DSM-IV, by the American Psychiatric Association, “alcohol-induced persisting 
dementia” is defined. Oslin et al. [45] refined the diagnostic criteria for ARD by 
including duration and severity of alcohol consumption and abstinence time, for a 
“probable” diagnosis of ARD to be considered. He expected this classification 
would bring more clarity and stimulate further research in this area. 

The origin of ARD can be clinically classified into two categories. One category 
consists of patients with secondary ARD caused by malnutrition, liver damage, 
cerebrovascular disorder, and traumatic encephalopathy resulting from a large 
amount of alcohol consumption. In this category, dementia following Wernicke’s 
encephalopathy due to thiamine (vitamin B1) deficiency (Wernicke-Korsakoff syn- 
drome (WKS)) is also included. WKS is described as “alcohol-induced persisting 
amnestic disorder” in DSM-IV. 

The other category consists of primary ARD in which dementia is caused by 
toxicity of alcohol or its metabolites. Of these, burned out WKS and primary ARD 
are difficult to differentiate. However, patients with WKS have acute symptoms 
such as nystagmus, truncal ataxia, and impaired consciousness, while patients with 
primary ARD commonly have chronic symptoms. From a pathological perspec- 
tive, Harper et al. [46] inferred that even patients with Wernicke’s encephalopathy 
might develop chronic symptoms; in other words, repeated Wernicke’s encepha- 
lopathy might lead to dementia chronically. Thus, although the clinical diagnostic 
criteria for ARD have been developed, its association with Wernicke encephalopa- 
thy is still controversial. Further studies are necessary to examine these issues in 
the future. 


4.8 Biomarkers for Alcohol Use and Abuse 


4.8.1 Alcohol Biomarkers 


Biochemical substances in the body can indicate the presence or progression of the 
condition or genetic predisposition thereto, which are called biomarkers. Alcohol 
biomarkers have important applications in medicine and public safety. In the clinic, 
you can use them not only to provide objective parameters of alcohol consumption 
to help diagnose alcohol abuse but also to track the progress of diseases related to 
alcohol abuse [47]. 

There are two kinds of alcohol biomarkers: trait markers and state markers. Trait 
markers are biochemical markers that reveal something about the genetic risk of 
alcohol abusers. State markers are biochemical measures that inform clinicians 
something about people’s recent drinking patterns, including whether they have a 
history of heavy drinking and whether they have had a recent binge or even just a 
few drinks [48]. While a comprehensive trait marker for alcohol dependence has not 
been identified, a number of successful state markers for monitoring drinking status 
are used clinically. 
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4.8.2 State Markers of Alcohol Abuse 


Representative state markers are shown in Table 4.1. For many years, clinicians 
have used biomarkers to indicate individual alcohol intake for diagnosis [47, 48]. 

Several of these reflect the activity of certain liver enzymes: alanine aminotrans- 
ferase (ALT), aspartate aminotransferase (AST), serum gamma-glutamyltransferase 
(GGT), and carbohydrate-deficient transferrin (CDT) [48]. Another marker, 
N-acetyl-B-hexosaminidase (B-HEX), indicates that liver cells, as well as other 
cells, have been breaking down carbohydrates, which are found in great numbers in 
alcohol [49]. Clinicians also have used red blood cell volume, known as mean cor- 
puscular volume (MCV), as a biomarker of alcohol intake. 

Several new markers for assessing alcohol intake and alcohol abuse are at vari- 
ous stages of research and development, including the plasma sialic acid index of 
apolipoprotein J (SIJ), total serum sialic acid (TSA), 5-hydroxytryptophol 
(S-HTOL), and various fatty acid ethyl esters (FAEEs). However, these have yet to 
become highly accurate and as widely accepted as objective tests for other dis- 
eases [50]. 


Table 4.1 Representative state markers for alcohol consumption 


Alcohol Possible or current 
marker Source use Confounding factors 
ALT Blood Chronic alcohol Liver damage 
abuse 
AST Blood Chronic alcohol Liver damage 
abuse 
GGT Blood Chronic alcohol Liver damage, cardiovascular disease, 
abuse diabetes 
CDT Blood Heavy alcohol use | Anorexia nervosa, pregnancy, iron deficiency, 
etc. 
B-HEX Blood, Heavy alcohol use | Hypertension, diabetes, cirrhosis, myocardial 
urine infarction, etc. 
MCV Blood Heavy alcohol use | Liver disease, vitamin B12 or folic acid 
deficiency, etc. 
SIJ Blood Heavy alcoholuse |N/A 
TSA Blood Chronic alcohol Cancer, cardiovascular disease 
abuse 
5-HTOL Urine Monitoring sobriety | N/A 
FAEEs Blood Recent heavy N/A 


alcohol use 


ALT alanine aminotransferase; AST aspartate aminotransferase; GGT serum gamma- 
glutamyltransferase; CDT carbohydrate-deficient transferrin; /-HEX N-acetyl-B-hexosaminidase; 
MCV mean corpuscular volume; SJJ plasma sialic acid index of apolipoprotein J; N/A not appli- 
cable; TSA total serum sialic acid; 5-HTOL 5-hydroxytryptophol; FAEEs various fatty acid ethyl 
esters 
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4.8.3 Proteomic Methods for Alcohol Abuse Biomarkers 


The development of more sensitive and specific markers for alcohol abuse is highly 
demanded. Recent advances in omics technologies (1.e., genomics, proteomics, and 
metabolomics) have greatly increased the ability to discover biomarkers. 

Researchers have started using proteomics, which is a systematic study of pro- 
teins consistent with certain known genes, to search for biomarkers of alcohol con- 
sumption. In the past few years, modern proteomic techniques have provided insight 
into novel alcohol biomarkers. In 2004, Nomura et al. [51] reported the first applica- 
tion of MS (SELDI-TOF) into the alcohol biomarker field, discovering fragments of 
fibrinogen «E and Apo AII to be downregulated during chronic alcohol use and then 
significantly increased during alcohol abstinence. Additional work involving 
LC-MS/MS has invoked other proteins, such as gelsolin, selenoprotein P, serotrans- 
ferrin tetranectin, and hemopexin, to be potential biomarkers for alcohol abuse [52]. 

Furthermore, recent reports have emphasized the need for biomarker panels 
rather than single biomarkers to accurately assess individual drinking behavior. The 
problem with single markers of alcohol abuse is the fact that alcohol is involved in 
physiologies and causes a pathophysiological effect common to other toxic sub- 
stances and organ systems (e.g., liver disorders). As the use of proteomic technology 
on alcohol abuse increases, evidence of biomarker panels is expected to increase. 
Also, in proteomics experiments, it is now possible to detect thousands of proteins 
in a single operation, increasing the complexity of the biomarker panels. 

Future alcohol biomarkers will be more complicated from the fact that rather 
than distinguishing between nondrinkers and excessive drinkers, they must be able 
to distinguish between nondrinkers, light drinkers, and excessive drinkers [47]. 


4.9 Conclusion 


The findings of alcohol-related disorders in various organs and alcohol biomarkers 
shown in this chapter are very helpful in not only clinical practice but also the legal 
medicine field. In forensic autopsy, there are some cases that alcohol-related death 
is suspected. The cause of death is generally determined based on the level of alco- 
hol in blood, serum chemistry profile, external findings, and internal findings. To be 
familiar with abovementioned alcohol-related organ dysfunctions and alcohol bio- 
markers is very useful for estimation of dead person’s conditions during the life- 
time. However, in forensic autopsy, it is difficult to extrapolate these clinical 
conditions directly to the antemortem clinical conditions in many cases because the 
specimen is easily subjected to various influences after the death; therefore, it is 
necessary to consider postmortem change thoroughly. It is also necessary to con- 
sider the SNPs associated with genetic polymorphism of alcohol metabolic enzyme 
and various clinical conditions and diseases. Furthermore, it is thought that 
microRNA analysis in exosome as extracellular vesicle, which has attracted 
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attention, 1s available for diagnosis of alcohol-related disorder, which was not 
described in this chapter. In the future, as research on SNPs, miRNA, and pro- 
teomics progresses, research on alcohol-related diseases will be further developed. 
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Chapter 5 A 
Forensic Toxicology of Stimulants gng 
and Psychotropic Drugs 


Minori Nishiguchi and Hajime Nishio 


Abstract Methamphetamine, a representative stimulant, is one of the most com- 
monly abused drugs globally. Although originally used in healthcare settings as a 
psychostimulant among the psychotropic drugs, it has been illegally bootlegged and 
abused because of its strong pharmacological action. Methamphetamine is a central 
nervous system stimulant that induces hypernoia and reduces fatigue and drowsi- 
ness. However, its abuse can lead to dependence and the development of psychosis, 
with the chief complaints of hallucinations and delusions. Its use is therefore 
restricted by law. In terms of psychotropic drugs, whether old or new type of drugs 
are prescribed depends on symptoms even now. Psychotropic drugs that have high 
lethality associated with overdose include typical antipsychotics, tricyclic antide- 
pressants, and barbiturates. Even drugs that have few side effects and are considered 
safe, such as atypical antipsychotics, selective serotonin reuptake inhibitors, benzo- 
diazepines, and non-benzodiazepines, are associated with a risk for overdose, 
increased suicide rates, and onset of discontinuation syndrome where they are pre- 
scribed more than necessary. Individuals can form physical and psychological 
dependence to benzodiazepines and barbiturates, and therefore attention must be 
paid to their long-term use. 

In this chapter, we provide an evidence-based review of the social problems 
caused by stimulants (abused drugs) and psychotropic drugs (medicinal drugs), as 
well as their pharmacological actions and symptoms. 
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5.1 Introduction 


Stimulants of the AMP type, predominantly methamphetamine (MAP) and amphet- 
amine (AMP), together with cocaine and caffeine are classified as central nervous 
system (CNS) stimulants. MAP was originally synthesized from ephedrine, an 
active ingredient of the Chinese herbal medicine ephedra, by Nagayoshi Nagai 
(1845-1929) in 1893 [1]. In contrast, cocaine and coffee are naturally occurring, 
extracted from the coca leaf and coffee bean, respectively. The stimulant effects of 
MAP were confirmed in the 1930s. At that time, stimulant drugs became popular for 
use during war, both domestically and internationally. 

More recently, there have been worldwide crackdowns on stimulant use, but they 
are still abused today. According to estimates from the United Nations Office on 
Drugs and Crime (UNODC), AMP-type stimulants are the second most common 
forms of illicit substance abuse [2]. In 2015, worldwide use of AMP-type stimulants 
was estimated at between 0.3 and 1.1%, representing between 13.8 and 53.8 million 
users [3]. In Japan, the use has increased since 1995, and the country is currently 
regarded to be undergoing a third epidemic of MAP abuse [4]. In recent years, the 
spread of the Internet and cell phones has enabled easy acquisition of illicit drugs 
and weakens any feelings of hesitation about its use. Furthermore, the inflow of 
stimulants in tablet form and lower retail prices of stimulants have accelerated the 
use among younger people, making it a serious issue today. Moreover, while abuse 
by young people with antisocial characteristics has been decreasing, stimulant use 
is Spreading among citizens such as students or housewives, and therefore immedi- 
ate prevention and countermeasures are required [4]. 

Psychotropic drug is a general term for drugs that affect the CNS and mental 
function. The history of psychotropic drugs is fairly long. It has been suggested that 
in the nineteenth century, alcohol, which was already drunk as a preferred beverage, 
assumed a role as a “therapeutic drug” to stabilize mental conditions and remove 
dysphoria. Barbiturates, opium, and subsequently morphine came to be purified and 
used in the mid-twentieth century, although the risk of their use as therapeutic drugs 
due to dependence was soon highlighted. 

Modern psychopharmacology began in 1952, when Jean Delay and Pierre 
Denike reported for the first time that the antipsychotic chlorpromazine exhibited 
therapeutic effects in schizophrenia [5]. Later, the development of drugs with simi- 
lar structures advanced, while studies investigating the pathological mechanisms 
underlying schizophrenia also progressed rapidly. During the 1950s, benzodiaze- 
pines (BZOs) and tricyclic antidepressants (TCAs) were also developed. BZOs, 
which are considered very safe, and TCAs, which are highly effective, continue to 
be used today. 

In recent years, various psychotropic drugs have been developed in concert with 
the elucidation of the pathogenesis of psychosis. This has provided several drugs 
within a wide therapeutic range that have been selected for clinical use. However, in 
opposition to their application as medicinal drugs, there are high numbers of psy- 
chotropic drug-assisted crimes [6], drug abuse, fatal accidents due to drug 


5 Forensic Toxicology of Stimulants and Psychotropic Drugs 67 


intoxication caused by dependence, and drug-assisted suicides, which today repre- 
sent a serious social problem [7]. Often, drugs with similar pharmacological actions 
have been prescribed at greater than the required quantity in medical practice, and 
this has led to an increase in side effects and complexity, with associated overdose, 
withdrawal symptoms, and increases in suicide attempts [8]. 


5.2 Stimulants 


In Japan, the Stimulant Control Act (1951) prohibits the production, use, posses- 
sion, purchase, transfer, import, and export of stimulants except for use in medical 
care or research. MAP, AMP, and their salts are classified as stimulants, and ten 
kinds of synthetic powder or precursors are currently subject to control as stimulant 
raw materials. However, among the stimulant raw materials, ephedrine and methy- 
lephedrine are used as medicinal drugs, and are not subject to the Stimulant Control 
Act where their content is less than 10%. 


5.2.1 Pharmacological Response 


Stimulants activate the dopamine (DA) system within the CNS, including the 
nigrostriatal pathway, the ventral tegmental-limbic system, and the hypothalamic- 
pituitary pathway. The ventral tegmental-limbic system contains the nucleus accum- 
bens in the terminal region [9, 10]. DA neurons are densely distributed in the nucleus 
accumbens and play an important role in processing the rewarding aspects of stimu- 
lants [11]. Several potential factors increase DA concentrations in the extracellular 
space, including (1) increased DA synthesis in nerve endings; (2) increased DA 
release from synaptic vesicles in nerve endings; (3) increased density of DA recep- 
tors at postsynaptic regions; (4) attenuated metabolism of monoamines, including 
DA, by inhibiting intracellular monoamine oxidase; (5) blockade of function or 
decreased density of the dopamine transporter (DAT), which reuptakes DA into the 
Synaptic vesicle; and (6) synthesis of catecholamines in the CNS [12, 13]. 

In addition, MAP acts on the synaptic vesicle monoamine transporter 2 (VMAT2) 
acting to inhibit the transport of all monoamines [14]. As a result, the pharmacologi- 
cal effect is to increase monoamine concentrations inside and outside the nerve cell. 
Indeed, there is a high possibility that MAP affects not only DA but also noradrena- 
line (NA), serotonin (5-HT), and y-aminobutyric acid (GABA). Stimulants can act 
directly, indirectly, and even transsynaptically on the nucleus accumbens to induce 
pleasure, resulting in repeated self-administration of the drugs. Therefore, the ven- 
tral tegmental-limbic system including the nucleus accumbens is referred to as the 
“brain reward system” and is believed to be involved in the development of drug 
dependence, tolerance, and abuse [15, 16]. 
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5.2.2 Symptoms and Complications 


Clinical manifestations at the time of MAP ingestion include relief from fatigue, 
sleeplessness, and hyperlogia, which are caused by excitatory action on the CNS, as 
well as stereotyped behavior, such as persistent, repetitive, and threatening behav- 
iors. Within this state, individuals experience hyperthermia, which presumably 
results from hypermetabolism caused by acrokinesia of the skeletal muscle [17]. 
Furthermore, anatomical assessments of cases of stimulant ingestion suggest the 
presence of rhabdomyolysis that is probably caused by hyperthermia. Several cases 
of intracranial bleeding induced by sudden elevated blood pressure due to sympa- 
thetic stimulation have also been reported [18]. Moreover, cardiovascular events, 
such as myocardial hypercontracture (cardiomyopathy) or myocardial infarction, 
have often also been recognized [19, 20]. Moreover, accidents and suicides poten- 
tially caused by the influence of drugs have been observed in several fatal cases of 
stimulant users, and this represents a distinguishing characteristic of such cases [21]. 


5.2.3 Blood Concentration and Toxic Effects 


MAP has slightly stronger stimulating effects than does AMP, while the latter has 
slightly stronger effects on the sympathetic nerves. Moreover, there exist optical 
isomers (d- and l-) of both MAP and AMP, and CNS stimulant action is several 
times stronger in d-MAP/d-AMP than in I-MAP/I-AMP [22]. The majority of dis- 
tributed and abused stimulants are d-MAP or in a racemic mixture, in the form of a 
powder or crystal [23]. Abused stimulants may be taken via intravenous injection 
(approximately 15-25 mg usually ingested), smoking (15-25 mg), and intranasal 
(40-100 mg) or oral administration (100-200 mg) [22]. 

The distribution of MAP throughout the bloodstream is influenced by the bio- 
availability determined by route of administration, which greatly influences toxic 
symptoms experienced after ingestion. Bioavailability is 100% following intrave- 
nous injection, 67% following oral administration, 79% following intranasal admin- 
istration, and 67—90% following smoking [23, 24]. Elimination half-life depends on 
pH and ranges from 6 to 15 h for d-MAP and 7 to 34 h for AMP [25]. For stimulant 
abusers, the elimination half-life of MAP varies among individuals but is approxi- 
mately 10 h for any ingestion method [23], while urinary elimination half-life is 
considered to be approximately 25 h where the drug is repeatedly ingested [26]. 

When evaluating the blood concentration of MAP, it is common to add and eval- 
uate the concentration of AMP, which is a metabolite of MAP. In Japan, blood con- 
centration is often evaluated with Nagata’s criteria [27, 28]. Table 5.1 shows blood 
levels and associated poisoning symptoms. However, the amount ingested is possi- 
bly increased by the formation of tolerance in stimulant abusers, and therefore it is 
extremely difficult to judge their symptoms based only on stimulant blood 
concentrations. Fukunaga et al. [29, 30] have highlighted the possibility of death 
caused by reverse tolerance developed after periods of drug deprivation or enhanced 
susceptibility due to continuous drug use. This is supported by cases in which the 


5 Forensic Toxicology of Stimulants and Psychotropic Drugs 69 


Table 5.1 Methamphetamine blood concentrations and associated conclusion regarding 


poisoning? 
Concentration Converted as MAP” 
Level (umol/100 g or mL) | (ug/mL) Conclusion drawn 
Fatal >3.00 >4.50 Cause of death other than MAP is not 
recognized 
Serious high | 2.00-3.00 3.00—-4.50 Although there are external and 


internal causes in conjunction with the 
cause of death, influence of MAP 
cannot be ignored 


Intermediate | 0.20-2.00 0.30-3.00 Psychological and physical aberrations 
by MAP, not directly related to the 
cause of death, are recognized 


Mild 0.02—0.20 0.03—0.30 Psychic and behavioral aberrations are 
not seemingly observed, or they are at 
a minor level even if they are found 


Therapeutic | <0.02 <0.03 Therapeutic effects are obtained based 
on medical practices 


‘Classification of concentration was based on Nagata’s criteria 
Calculate MAP and AP in molar concentration, and convert the total to MAP concentration 


cause of death is unequivocally stimulant toxicity despite the fact that the blood 
concentration of MAP is low and potential traumas or pathological changes that 
may have caused death cannot be confirmed. 


5.2.4 Methamphetamine Psychosis 


Repeated, long-term exposure to high doses of AMP-type stimulants results in the 
depletion of presynaptic monoamine stores and the downregulation of receptors. 
This can frequently result in what is known as “stimulant psychosis” [22, 31, 32]. 
While the time from the start of stimulant abuse until the onset of psychotic symp- 
toms ranges from several months to several years, indicating that large individual 
differences, the continuous use of stimulants is associated with symptoms of para- 
noid delusional psychosis similar to schizophrenia [31, 32]. This condition is associ- 
ated with cumulative exposure amount, usage frequency, and administration route 
(intravenous injection, smoking, intranasal, or oral) of the abused stimulant. 
Moreover, it is also associated with increased susceptibility to psychotic symptoms. 

The major psychotic symptoms experienced are hallucinations (auditory and 
visual hallucinations, hallucinations of smell, gustatory hallucinations, and haptic 
hallucinations), paranoia (delusions of reference, persecutory delusions, delusions 
of observation, and delusions of being pursued), anxiety, cognitive impairment, and 
so on [31, 32]. Stimulant psychosis is diagnosed by the recognition of such psy- 
chotic symptoms in addition to dependence symptoms. Therefore, while depen- 
dence symptoms and/or associated psychosomatic symptoms are present in 
stimulant psychosis, it differs from “stimulant dependence” in which clear symp- 
toms of hallucination/paranoia are not observed. 
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It has been reported that stimulant psychosis is caused by persistent sensitization 
of the brain to the psychological effects of the stimulant (so-called reverse toler- 
ance), which results from chronic stimulant abuse (see also Sect. 5.4). Experimental 
studies with animals have suggested that persistent enhancement of MAP-induced 
DA release in the nucleus accumbens becomes a permanent change that continues 
even after individuals withdraw from the stimulant and it is completely excreted 
from the body. This occurs in conjunction with the development and expression of 
brain disorder associated with schizophrenia symptoms [31, 32]. 

The Diagnostic and Statistical Manual of Mental Disorders 4th Edition (DSM- 
IV-TR) outlines the diagnostic criteria of the American Psychiatric Association. In 
the DSM-IV-TR, stimulant psychosis is categorized as “amphetamine-induced psy- 
chotic disorder.” However, in the DSM-5 published in 2013, “substance depen- 
dence” and “substance abuse” were integrated into “psychostimulant-related 
disorder” within “substance usage disorder.” The International Classification of 
Diseases 10th Edition (ICD-10), published by the World Health Organization 
(WHO), is frequently used to determine diagnostic criteria in Japan. In the ICD-10, 
stimulant psychosis is categorized as “disorder of mind and behavior by the usage 
of other psychostimulant including caffeine and psychopathic disorder (F15.5)” 
within “disorder of mind and behavior by the usage of psychotropic substance.” In 
both classifications, the condition includes both abuse and dependence [31]. 

Therapeutic agents used to treat stimulant psychosis accompanied by paranoia and 
hallucinations include the antipsychotics, which inhibit DAD2 receptors (see also Sect. 
5.3.1). While antipsychotics are used clinically, there are various criteria and limitations 
on their use in Japan and elsewhere. Typical antipsychotics, such as chlorpromazine or 
haloperidol, are used to modify neural transmission resulting from excessive DA [33, 
34]. However, there are reported side effects that are caused by inhibition of neurotrans- 
mission in regions other than the mesolimbic system that the drugs target. Among the 
atypical antipsychotics, olanzapine is reported to have good tolerability because it 
rarely causes the serious side effect of extrapyramidal symptoms [34]. Meanwhile, 
another study has suggested that BZO is superior at controlling agitation [33]. Such 
findings have influenced the development of new treatment approaches. Nonetheless, 
because long-term clinical care and medication are required to treat stimulant psychosis 
and prevent its recurrence, more time is required to verify these efficacy results. 


5.2.5 Stimulants and Epidemiology 


According to the latest white paper on crime (2017), the rate of recommitment for 
the same stimulant offense has reached 65.8% and is rising in Japan [35]. This once 
again highlights the difficulties faced in attempts to stop stimulant use. It has been 
reported that social factors such as living alone or unemployment may influence the 
use of stimulants [36]. Moreover, the incidence of HIV and hepatitis virus 1s signifi- 
cantly higher in intravenous substance users than in the general population due to 
needle sharing [22, 37]. Furthermore, drug abusers are at an increased risk of devel- 
oping Type I diabetes [38], which is strongly suspected to result from viral infection 
and often leads to death from diabetic ketoacidosis [39—41]. Prevention of social 
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isolation, improvement of personal environments, and the treatment of comorbid 
illness with medical support will all be important for preventing stimulant abuse. 


5.3 Psychotropic Drugs 


In Japan, the Narcotics Control Act (1953) was revised in 1990 as the Narcotics and 
Psychotropics Control Act, in which most psychotropic drugs are viewed as objects 
to be regulated regardless of their domestic distribution as medicines. Table 5.2 shows 
the classification of psychotropic drugs and their representative chemical names. 


Table 5.2 Classification of psychotropic drugs 


Drug class Generic names of major drugs 
Antipsychotics 
Typical Phenothiazine derivatives chloropromazine, levomepromazine, 
perphenazine, fluphenazine, propericiazine 
Butyrophenone derivatives | haloperidol, bromperidol, spiperone, timiperone 
Benzamide derivatives sulpiride, sultopride, tiapride, nemonapride 
Atypical SDA risperidone, paliperidone, perospirone, blonanserin 
MARTA olanzapine, quetiapine, clozapine 
DPA(DSS) aripiprazole 
Others zotepine, pimozide, oxypertine 
Antidepressants 
Tricyclic antidepressants clomipramine, nortriptyline, amitriptyline, 
amoxapine, imipramine, lofepramine, dosulepin 
Tetracyclic antidepressants | mianserin, maprotiline, setiptiline 
SSRI paroxetine, fluvoxamine, sertraline, escitalopram 
SNRI milnacipran, duloxetine, venlafaxine 
NaSSA mirtazapine 
SARI trazodone 
Lithium 
Lithium lithium carbonate 
Anxiolytic 
Benzodiazepines clotiazepam, etizolam, alprazolam, lorazepam, 
bromazepam, diazepam, cloxazolam, oxazolam, 
chlordiazepoxide, medazepam, ethyl loflazepate 
Hypnotics 
Barbiturates pentobarbital, amobarbital 
Benzodiazepines triazolam, brotizolam, lormetazepam, 


Non-benzodiazepines 
Others 


flunitrazepam, nitrazepam, estazolam, quazepam, 
flurazepam 


zolpidem, zopiclone 
bromovalerylurea, ramelteon, suvorexant 


SDA serotonin-dopamine antagonist; MARTA multi-acting receptor-targeted antipsychotics; DPA 
dopamine partial agonist; DSS dopamine system stabilizer; SSRI selective serotonin reuptake 
inhibitor; SNRI serotonin noradrenaline reuptake inhibitor; NaSSA noradrenergic and specific 
serotonergic antidepressant; SARI serotonin antagonist and reuptake inhibitor 
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5.3.1 Antipsychotic Drugs (Major Tranquilizers) 


In schizophrenia, the secretion and activity of DA in the mesolimbic system become 
excessive, leading to positive symptoms such as auditory hallucinations and delu- 
sions. Antipsychotics used to treat schizophrenia have affinity for the D2 receptor 
family and are capable of suppressing or controlling DA function by binding to the 
receptors. Therefore, they are regularly used to treat positive symptoms such as hal- 
lucinations and paranoia [42]. Phenothiazine, butyrophenone, and benzamide deriv- 
atives are used as typical antipsychotic drugs and are currently still widely prescribed 
for serious psychotic illness because they have strong DA inhibitory effects. 
However, typical antipsychotics act to suppress DA across the entire brain inducing 
a range of negative symptoms, including reduced motivation and interest (due to 
effects on the mesocortical system), hyperprolactinemia (due to effects on the 
hypothalamo-hypophyseal system), and extrapyramidal tract disorders (due to 
effects on the nigrostriatal system) [42]. Furthermore, typical antipsychotic drugs 
are reported to have a highly lethal association with overdose [43]. 

Serotonin-dopamine antagonists (SDA) have been developed with the expecta- 
tion that they will enhance DA function while inhibiting 5-HT, which has DA 
inhibitory effects in regions other than the mesolimbic system. Such drugs inhibit 
5-HT2A rather than DAD2 receptors, leading to the amelioration of both positive 
and negative symptoms [44]. Furthermore, individuals may also be prescribed 
multi-acting receptor-targeted antipsychotics (MARTA), which act at various recep- 
tors including muscarinic, histaminergic, and adrenergic receptors [45], or dopa- 
mine partial agonists (DPA), which stabilize the amount of DA [46]. Such newer 
drugs are called atypical antipsychotics. They have fewer side effects than do typi- 
cal antipsychotics and are therefore currently used as first-line agents. 

However, both typical and atypical antipsychotics are associated with neurolep- 
tic malignant syndrome, a severe side effect that is thought to be caused by DAD2 
receptor inhibition and is characterized by fluctuation of mental status, hyperther- 
mia, muscle rigidity, and autonomic dysfunction. Therefore, attention must be paid 
to increases in dosage and additional administration of both typical and atypical 
antipsychotics [47]. 


5.3.2 Antidepressants 


Depression, insomnia, anxiety, and reduced motivation/mental activity are thought 
to result mainly from reduced 5-HT and NA activity in the brain. However, the 
underlying mechanisms have not been clarified. Monoamine neurotransmitter defi- 
ciencies came to be regarded as a cause of depressive states following the discovery 
of TCAs and their mechanisms of action in the 1950s [48]. Nonetheless, TCA and 
tetracyclic antidepressants (presynaptic 5-HT and NA reuptake inhibitors) also 
block postsynaptic histamine H1, muscarinic, and œl-adrenergic receptors, and they 
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have serious side effects. These can include constipation and dry mouth resulting 
from anticholinergic effects, arrhythmia caused by prolonged QRS duration [49], 
etc. Furthermore, it has been reported that mortality is high where these antidepres- 
sants are taken excessively, and therefore attention must be paid to their use [50]. 
However, TCAs and tetracyclic antidepressants are effective in serious cases and 
therefore still prescribed. 

Several other antidepressants have been developed. SSRIs and serotonin nor- 
adrenaline reuptake inhibitors (SNRJ) act to selectively inhibit the reuptake of 5-HT 
and NA at nerve terminals, and they therefore have dramatically reduced side 
effects. Nonetheless, novel side effects have been reported, such as increased risk of 
suicide associated with SSRI/SNRI discontinuation syndrome and activation syn- 
drome [51]. Noradrenergic and specific serotonergic antidepressants (NaSSAs) are 
presynaptic «2-adrenergic receptor antagonists that promote secretion of 5-HT and 
NA from nerve terminals [52]. Serotonin antagonist and reuptake inhibitors (SARIs) 
act via 5-HT2A receptor antagonism and 5-HT reuptake inhibition [53]. 


5.3.3 Lithium 


Lithium carbonate is mainly prescribed as a mood stabilizer for bipolar disorder, in 
which depressive and manic states periodically alternate. The effective therapeutic 
range of lithium is small and easily reaches intoxication levels. Therefore, regular 
monitoring of the drug is essential. Although it is known that genetic factors greatly 
influence bipolar disorder [54], the pathopoiesis mechanism remains unclear. 
Therefore, details of the mechanism by which lithium has its therapeutic effects 
have also not been clarified. Several hypotheses exist, including the widely accepted 
inositol-depletion hypothesis, which suggests that intracellular inositol is reduced 
by inhibition of inositol monophosphatase [55]. 


5.3.4 Anxiolytic/Hypnotic Drugs (Minor Tranquilizers) 


Anxiolytic drugs are used to treat anxiety disorders. They have effects on various 
symptoms of anxiety disorders, including anxiety, depression, feelings of frustra- 
tion, hypertension, etc. Hypnotic drugs are used to treat sleep disorders such as 
insomnia, difficulty falling asleep, wake after sleep onset, lack of restful sleep, etc. 
Although these drug classes are seemingly different, both include BZO and their 
analogs and are classified from a very short time to very long time type, depending 
on their half-life [56]. 

The pharmacological action of BZOs is strongly associated with GABA, an inhibi- 
tory transmitter of the CNS, and the GABA, receptor [57]. BZO receptors are present 
on GABA, receptors and form complexes with chloride (Cl-) channels. When BZO 
binds BZO receptors, the binding power between GABA and GABA, receptors is 
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strengthened, and Cl- channels open more frequently [57]. As a result, there is increased 
CI- influx to cells, and a calming effect is obtained [57, 58]. BZO only has action at 
BZO receptors on GABA, receptors, meaning that further effects are not elicited when 
BZO receptors are saturated. Therefore, they are relatively safe in the case of overdose. 
However, drugs that act through the same GABA, receptors and concomitant use with 
alcohol or barbiturates can cause excessive suppression via synergistic effects, which 
can result in death caused by inhibition of the respiratory center [58]. 

Moreover, an undesirable effect of BZOs is that they easily produce tolerance 
and dependence with long-term use (see also Sect. 5.4). When withdrawing from 
BZOs, the user may experience benzodiazepine withdrawal syndromes that 
include sleep disorders, anaphylaxis, increased tension and anxiety, panic attacks, 
finger tremor, sweating, malaise and nausea, weight loss, palpitations, headache, 
muscle pain and stiffening, etc. Therefore, it is necessary to decrease the dose 
gradually [59]. 


5.3.5 Hypnotic Drugs Other than BZO 


Hypnotic agents other than BZO include non-benzodiazepines (non-BZOs) and 
barbiturates, both of which act on GABA, receptors. Non-BZOs have been devel- 
oped to improve safety by avoiding the formation of dependence to BZOs. Most of 
their names begin with z (e.g., zolpidem and zopiclone), and as such they are called 
Z-drugs. Although their chemical constitution differs from BZOs, they are BZO 
receptor agonists and have similar pharmacological action to BZOs [60]. 

BZO receptors that form complexes with GABA, receptors in the CNS exist in 
two subtypes: the m1 receptor (cerebellum and cerebral cortex), which has sedative 
and hypnotic effects, and the m2 receptor (spinal cord and hippocampus), which has 
anxiolytic, anticonvulsant, and muscle relaxant effects. BZO does not have selectiv- 
ity but binds to both receptors. However, non-BZO has high affinity for m1, thereby 
attenuating the effect of m2 receptors. It is thought that non-BZO therefore has weak 
muscle relaxant action and fewer side effects such as falling or staggering [60]. 

Barbiturates, which were the only available sleep/sedative drug until the 1950s, 
are still used as sedatives, anticonvulsants, and intravenous anesthetics [61]. They 
bind to picrotoxin-binding sites of GABA, receptors and CI- channel complexes, 
acting to directly open Cl- channels. Barbiturates differ from BZOs by opening Cl- 
channels without mediation by GABA and leading to extended opening times of 
CI- channels [57]. These characteristics represent the greatest disadvantage of bar- 
biturates when they are taken in large quantities as they open Cl channels directly 
and forcibly without mediation via GABA, receptors and extend the opening times 
such that Cl- inflow continues to increase in proportion to the dosage, which results 
in death due to medullary respiratory center inhibition [62]. Since their therapeutic 
index is low (T.I. = LD5./EDs9) [62], they are strongly associated with mortality by 
accident and suicide. Furthermore, tolerance and dependence can form similar to 
BZOs, and as such barbiturates are now rarely prescribed. 
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Further new psychotropic medicines are the melatonin receptor agonists, which 
adjust sleep and waking rhythms, and orexin receptor antagonists, which suppress 
wakefulness. 


5.3.6 Psychotropic Drugs and Epidemiology 


BZOs and barbiturates are used together with alcohol as drugs of abuse. According 
to domestic and foreign reports, mortality due to overdose of psychotropic drugs 
remains high. In 2010, statistics from the United States suggested that overdose 
with opioid analgesics ranks highest, followed by BZOs and then antidepressants, 
with antipsychotics ranked sixth [63]. In Japan, the Ministry of Health, Labour and 
Welfare reported that drug use was the fourth most common means of suicide in 
men and third in women in 2003 and it is highly probable that prescription psycho- 
tropic drugs are used for suicide [64]. 

A study of fatal cases by drug overdose in the 23 wards of Tokyo reported that 
highly lethal drugs are Ravona® (pentobarbital-Ca), Vegetamine A® (phenobarbital, 
chlorpromazine, promethazine), Levotomin®/Hirnamin® (levomepromazine), and 
Silece®/Rohypnol® (flunitrazepam) [65]. The supply of Vegetamine® was stopped at 
the end of December 2016 at the request of the Japanese Society of Psychiatry and 
Neurology. In 2010 in Japan, the Ministry of Health, Labour and Welfare estab- 
lished an Anti-Suicide and Depression Project Team to consider large-dose pre- 
scription and prevention of overdose [66]. 


5.4 Dependence and Tolerance 


According to the WHO, drug abuse is defined as a cluster of behavioral, cognitive, 
and physiological phenomena that develop after repeated substance use and that 
typically include a strong desire to take the drug, difficulties in controlling its use, 
increased tolerance, and sometimes a physical withdrawal state [67]. 

Drug dependence is formed by repeated ingestion of drugs that act on the CNS 
and comprises different types of dependence. Psychological dependence is charac- 
terized by an extremely strong desire to ingest the drug and an obsessional state in 
which the drug user is unable to control drug use. Psychological dependence is 
formed by either CNS stimulants (AMP-type stimulants and cocaine) [68] or CNS 
depressants [69] (alcohol, opiates, BZO, and barbiturates). Physical dependence is 
the state in which the body has adapted to physical states associated with the pres- 
ence of drugs. It is associated with the development of a withdrawal syndrome 
accompanied by severe physical distress if the user withdraws from the drugs or 
reduces the amount of them. This is caused only by CNS depressants [69]. Drugs 
that form only psychological dependence are essentially not associated with with- 
drawal syndrome [69]. It is extremely difficult to completely deprive an individual 
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of drugs to which a dependence is already formed because of their earnest desire for 
drugs (psychological dependence) and/or the distress caused by the withdrawal syn- 
drome (physical dependence). 

Drug tolerance forms several weeks after the initiation of drug abuse. Tolerance 
represents the need for increased dosages to obtain effects equal to those originally 
obtained. Therefore, there is a rapid increase in intake leading to formation of toler- 
ance for drugs that induce strong euphoria. Development of strong tolerance to 
euphoria is characteristic of stimulants, while simultaneously the user’s reactions 
against psychoneurologic toxicity, such as hallucinations and delusions, become 
more acute. This is known as reverse tolerance [70]. That is, the quantity required to 
develop effects equal to the neurologic symptoms experienced on initial use gradu- 
ally decreases. In the state of reverse tolerance, 1.e., the state in which susceptibility 
to such effects is increased, alcohol use, sleeplessness, and psychological stress (in 
addition to use of small amounts of the drug) can produce psychic disturbances 
similar to those caused by drug abuse. This is called flashback, and even if the user 
has successfully avoided drugs through medical treatment for several years, halluci- 
nations or delusions are easily induced. This indicates that the CNS is permanently 
modified by drugs [71]. 

Furthermore, BZOs and barbiturates form cross dependence and cross tolerance 
with alcohol [72]. Cross dependence is when dependence on a certain drug facili- 
tates formation of dependence on totally different drugs, whereby each enhances the 
effects of the other. Cross tolerance is when tolerance for a certain drug is obtained 
while that for totally different drugs is obtained simultaneously. These phenomena 
are often seen in drugs with identical sites of action in the CNS. For example, both 
alcohol and BZOs exert their action through allosteric modulation of the GABA, 
receptor [73]. 


5.5 Handling and Measurement of Samples 


In forensic medicine, toxicological examination, as well as macroscopic, patho- 
logical, and biochemical examinations, is important in the correct diagnosis of 
cause of death. However, in most deaths due to drug overdose, the cause of death 
cannot be clearly recognized on the corpse surface. Examination of drug poisoning 
begins with suspicion. For diagnoses of death from medicinal poisoning, it is 
required to (1) presume causative agents from the situation in which the person 
died, their clinical symptoms at the time of death, and corpse findings; (2) identify 
the causal drug with quantitative examination by using instrumental analyses; and 
(3) diagnose whether the drug contributed to the death from its blood 
concentration. 

Most toxic symptoms depend on the dose. To prove cause of death, it is neces- 
sary to collect and store samples of blood, urine, and gastric contents appropriately 
for analysis. It is desirable to collect femoral blood as this takes into consideration 
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the possibility that most drugs are influenced by postmortem diffusion and redistri- 
bution and that drug concentration rises in heart blood close to the lungs and 
stomach [74]. It is important to keep collected samples frozen until toxicological 
examination [75]. Furthermore, because stimulants can be detected from hard 
tissues such as nails or hair, these can also be valid samples in cases of drug abuse 
[76,77 |. 

A quick and accurate search for causative drug is extremely important for 
police investigations, clinical sites, and forensic laboratories. Urinary drug screen- 
ing kits, which do not require special techniques and allow a quick and easy search 
of causative agents, are widely used. Representative urinary drug screening kits 
available in Japan are Triage® DOA (Sysmex Corporation, Tokyo) (referred to here 
as Triage) and INSTANT-VIEW® M-1 (Bio-design, Tokyo) (referred to here as 
INSTANT-VIEW). The use and effectiveness of each kit are being comparatively 
studied [78]. Triage is capable of detecting eight drug types in total: AMP, canna- 
bis (THC), cocaine (COC), opiates (OPI), phencyclidine (PCP), BZOs, barbitu- 
rates, and TCAs. In contrast, INSTANT-VIEW detects six drug types from the 
metabolites of abused and psychotropic drugs, including all those screened by 
Triage except PCP and OPI. Measurement is performed with competitive immuno- 
chromatography, and the cutoff values differ for each kit (Table 5.3). Both kits can 
detect the presence of syngeneic drugs, including their metabolites, with high 
sensitivity. 

Each test has advantages and disadvantages, and therefore it is desirable to 
choose the best kit for each case. For Triage, in cases where urine is obtained from 
individuals who may have taken Chinese medicines containing the ephedra herb, a 
false-positive AMP result may be obtained [79]. The required sample volume for 
INSTANT-VIEW is comparatively large (600 uL) compared with Triage, but it 
requires only one step to obtain results. Nonetheless, instrumental analyses such as 
gas chromatography-mass spectrometry (GC/MS) or liquid chromatography- 
tandem mass spectrometry (LC-MS/MS) are essential for the ultimate identification 
of drugs. 


Table 5.3 Comparison of Triage DOA and INSTANT-VIEW M-1 cutoff values 
Triage DOA INSTANT-VIEW M-1 


Display items Target drug (ng/mL) (ng/mL) 
AMP/METH Stimulants 1000 500 
THC Cannabis 50 50 
COC Cocaine 300 300 
BZO Benzodiazepines 300 300 
BAR Barbiturates 300 200 
TCA Tricyclic antidepressants 1000 1000 
PCP Phencyclidine 25 — 


OPI Opiates 300 — 
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5.6 Conclusions 


In this chapter, we have described the pharmacological actions and social problems 
related to stimulants and psychotropic drugs. Stimulants are drugs that are restricted 
by laws and regulations, while psychotropic drugs are regularly used in medical 
settings. However, both drugs can lead to dependence. In a broad sense, most drugs 
associated with dependence are agonists that act either directly, indirectly, or even 
transsynaptically on intracerebral transmitter functions in the brain, with unusual 
intensity and/or duration of action. However, the reaction to each of these drugs var- 
ies between individuals, and therefore likely symptoms cannot be diagnosed simply 
with blood levels. In forensic autopsy, life and drug dose history of the deceased 
individual is not clear in most cases, and therefore care must be taken to identify 
drugs and evaluate blood levels to determine the association between detected drugs 
and cause of death. Forensically and clinically, medical personnel may encounter 
accidents, suicides, and incidents in which drugs associated with dependence are 
part of the background. It is important to deepen understanding of poisoning symp- 
toms of such drugs and how to manage the treatment of poisoning, as well as how 
to manage the drugs themselves. 
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Chapter 6 A 
Metabolic Autopsy and Molecular Autopsy gese 
in Sudden Unexpected Death in Infancy 


Takuma Yamamoto and Hajime Nishio 


Abstract Metabolic diseases are one of the main causes of sudden infant death, but 
definitive postmortem diagnosis is difficult, because metabolic diseases are func- 
tional and have fewer morphological abnormalities. Metabolic autopsy is a proce- 
dure that focuses on metabolic diseases, which includes the analysis of metabolic 
products or genetic analysis. However, it is not routinely performed, and only a 
small number of cases of sudden death with metabolic diseases have been reported 
in Japan. Furthermore conventional genetic analysis is “one gene, one exon at a 
time” and is therefore time-consuming and effort-intensive. Recently, next- 
generation sequencing methods have become available and can comprehensively 
screen numerous genes, making the technique practical for sudden death in the field 
of forensic science. In this chapter, we describe the basis of metabolic disease and 
discuss several case reports. Furthermore, we introduce a recent study into sudden 
unexpected death in infancy from the perspective of “functional autopsy.” Some 
causes of sudden infant death are inherited diseases, and accurate diagnosis, even 
postmortem, can prevent further tragedies among the remaining family. 


Keywords Metabolic autopsy - Sudden infant death - Inherited disease - Functional 
autopsy - Preventable death 


6.1 Introduction 


In the field of forensic science, in order to determine the cause of death, there are 
many choices for examinations: external investigation, macroscopic examination, 
and pathological examination. Recently, forensic radiology has become more com- 
mon, and computed tomography has become one of the most important autopsy 
methods [1]. However, although these examinations are very useful for detecting 
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morphological abnormalities, functional abnormalities are very difficult to detect 
[2]. We always examine blood or urine samples when toxicological death is sus- 
pected, because toxicological death is, in a way, a functional disease. In the same 
way, metabolic disease is also a functional disease, and when metabolic disease is 
suspected, we must rely on the examination of metabolic products. 

Furthermore, metabolic disease becomes not only the direct cause of death but 
also the underlying disease. That is, a slight infectious disease becomes a trigger, 
and a metabolic crisis occurs. Therefore, if the underlying metabolic disease is 
unnoticed, the cause of death might be misdiagnosed as infection. When we encoun- 
ter a sudden death case with slight infection, we should consider whether metabolic 
diseases are present. 

Metabolic autopsy is a procedure that is focused on metabolic diseases [3]. 
Metabolic disease is a functional disease that has fewer morphological abnormali- 
ties. Fatty liver is the only morphological manifestation, such as in Reye’s syndrome 
or Reye’s-like syndrome [4, 5]. Cardiomyopathy or rhabdomyolysis is sometimes 
observed in metabolic disease, but they are non-specific. Thus, metabolic autopsy is 
an indispensable method. Metabolic autopsy was first reported in an 18-month-old 
infant with non-specific malaise and mild infection of the upper respiratory tract, 
who suffered a grand malconvulsion and died suddenly. The cause of death of the 
patient was initially considered as sudden infant death syndrome (SIDS), but the 
autopsy showed diffuse fatty changes to viscera, and metabolic analysis revealed 
that the patient had medium-chain acyl-coenzyme A dehydrogenase (MCAD) defi- 
ciency [6, 7]. Now metabolic autopsy includes analysis of metabolic products in 
blood, urine, or other fluids, enzyme analysis, and genetic analysis. 

However, metabolic autopsy is not routinely performed and typically only per- 
formed in pediatric hospitals [8—10]. To date, only a small number of cases of sud- 
den death with metabolic diseases have been reported in Japan (Tables 6.1 and 6.2) 
[11-23]. 

In this chapter, we describe the basis of metabolic disease and related case 
reports. Furthermore, we introduce a recent study on sudden unexpected death 
(SUD) in infancy from the perspective of “functional autopsy.” 


6.2 Fatty Liver and Metabolic Disease 


It is well known for adults to have fatty liver, such as alcoholic fatty liver or nonal- 
coholic fatty liver disease/nonalcoholic steatohepatitis, but it is uncommon in young 
children. Reye’s syndrome is one of the most common fatty changes in children. It 
is defined by encephalopathy and fatty degeneration of the viscera [4], and it is 
known that fatty acid oxidation disorder (FAOD) manifests as Reye’s-like syndrome 
[5]. Previous studies have found that about 5% of sudden infant death cases had 
hepatic steatosis [7, 24—27]. In the Japanese population, 13.5% had hepatic steatosis 
[12]. Fat staining should be performed routinely in autopsy cases of SUD in infancy, 
and metabolic diseases should be considered as differential diagnoses. 
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Table 6.1 


Targeted 
disease 


MCAD 


Fatty 
liver 


aa 


FAOD 
MRCD 


CPT II 
def. 


FAOD 


OA/ 
FAOD 


OA/ 
FAOD 


FAOD 





Metabolic autopsy studies from Japan 


Number 
of 


sudden Pathological | Metabolic | Genetic | Enzyme | Positive 


deaths | Autopsy | examination | analysis | analysis | analysis | cases Reference 





CPT II carnitine eae Il, def. ee. FAOD fatty acid oxidation disorder, 
MCAD medium-chain acyl-coenzyme A dehydrogenase, MRCD mitochondrial respiratory oxida- 
tion disorder, OA organic aciduria, N.R. not recorded, VLCAD very long-chain acyl-CoA dehydro- 


genase 


Table 6.2 


Representative case reports of FAOD-related sudden infant death from Japan (this table 


was modified from Acta Med Hyogo 42(2)) 


Age 
(months) 
2 days 

3 


22 


Liver Metabolic 
Sex | Diagnosis | pathology | products Genetic analysis Reference 


M (CPTI | Steatosis | C16, C18 p.R579fsX/p.E174K [21] 


M /|VLCAD | Steatosis C14:1 p.A333CfsX26/p. [22] 
L337F 
M |CPT I Steatosis C16, C18, p.F383 Y/p.L644S [14] 
C18:1, C18:2 


CPT Il [19] 
CPT II C14, C16, C18 | c.520G > A/c.520G > A | [18, 19] 


F |CPTII Steatosis C16, C18, p.F323 fs/p.V605 L [17] 
C18:1, C18:2 


F CPTI ¢.745delG/c.1148T>A [18] 
oa NR. C6,C8,C10 | c.449_452deICTGA/ | [18, 19] 
c.449_452delICTGA 


M_cPril p-F352C/- [23] 


CPT II carnitine palmitoyltransferase II, def deficiency, MCAD medium-chain acyl-coenzyme A 
dehydrogenase, N.R. not recorded, VLCAD very long-chain acyl-CoA dehydrogenase 
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However, in addition to metabolic diseases, other toxic agents can cause fatty 
changes in the liver. Uchida et al. reported an 11-year-old girl who died after 
repeated inhalation of n-butane over a period of several months [28]. An autopsy 
revealed massive lipid deposition around the central vein of the liver. Woolf et al. 
reported a 6-month-old girl who was hospitalized three times for vomiting with 
acidosis and was suspected with inherited metabolic disease but was later diagnosed 
with ethylene glycol intoxication [29]. In contrast, the story of Scientific sleuths 
solve a murder mystery [30] was reported. In this story, a mother, whose son died 
suddenly after having labored breathing, uncontrollable vomiting, and gastric dis- 
tress, was sentenced to life in prison, because the son was diagnosed as having 
ethylene glycol poisoning [31]. However, the diagnosis was later corrected to meth- 
ylmalonic acidemia by metabolic autopsy. We forensic scientists should therefore 
be familiar with both metabolic and toxicological fields. 


6.3 Inherited Metabolic Diseases 


6.3.1 Inherited Metabolic Diseases 


The first report of FAOD was in 1973 in an adult with rhabdomyolysis and myoglo- 
binuria, and since then, many FAODs have been reported [32, 33]. Energy deficiency 
in the heart may cause cardiomyopathy and cardiac arrhythmia, while the accumula- 
tion of fatty acids in the liver and muscles leads to fatty liver, hepatomegaly, muscle 
weakness, or hypotonia. The clinical phenotypes of this disease are associated with 
a growing number of clinical entities, such as Reye’s-like syndrome, sudden infant 
death, cyclic vomiting syndrome, fulminant liver disease, and maternal complica- 
tions of pregnancy [34]. These manifestations are not specific and might be over- 
looked when the patient dies suddenly without premonitory symptoms. 

In Japanese cases of FAOD, glutaric acidemia type I (GA IJ) is relatively com- 
mon, followed by very long-chain acyl-CoA dehydrogenase (VLCAD) deficiency 
and carnitine palmitoyltransferase (CPT) I deficiency in terms of frequency [35], 
while MCAD deficiency is the most common FAOD worldwide. In this chapter, we 
introduce these common metabolic diseases and will require you to read the text- 
book about other diseases. 


6.3.2 Carnitine Shuttle and Fatty Acid Oxidation 


Whereas medium- and short-chain fatty acids can enter directly into the mitochon- 
drial matrix, long-chain fatty acids are transported through the carnitine shuttle. 
Carnitine is transported into the cytosol by means of plasma membrane organic 
cation/carnitine transporter 2 (OCTN2 transporter, also called carnitine transporter). 
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CPT I on the outer mitochondrial membrane forms long-chain acylcarnitine from 
acyl-CoA and free carnitine. The long-chain acylcarnitine is then transported into 
the mitochondrial matrix by means of carnitine-acylcarnitine translocase (CACT). 
CPT II on the inner aspect of the inner mitochondrial membrane converts long- 
chain acylcarnitine to long-chain acyl-CoA. The released carnitine is recycled for 
subsequent reutilization via CACT [34]. 

Inside the mitochondria, beta-oxidation proceeds and removes two-carbon unit 
acetyl-CoA by four repetitive enzymatic reactions. The first step is flavin adenine 
dinucleotide (FAD)-dependent acyl-CoA dehydrogenase reaction: VLCAD, 
MCAD, and short-chain acyl-CoA dehydrogenase (SCAD). This step also produces 
reducing equivalents (FADH,). The second step is hydration of the double bond to 
produce 3-hydroxyacyl-CoA with 2-enoyl-CoA hydratase. The third step is nicotin- 
amide adenine dinucleotide (NAD)-dependent dehydrogenation at the 3-hydroxy 
position to yield 3-ketoacyl-CoA species with long-chain 3-hydroxyacyl-CoA 
dehydrogenase (LCHAD) and 3-hydroxyacyl-CoA dehydrogenase (HAD). The last 
step involves thiolytic cleavage of 3-ketoacyl-CoA to yield acetyl-CoA and two- 
carbon chain-shortened acyl-CoA [34]. 

Acetyl-CoA is then fully degraded to CO, and H,O via the Krebs cycle. The 
electrons generated by FAD-dependent dehydrogenation are transferred via elec- 
tron transfer flavoprotein (ETF) and ETF dehydrogenase (ETFDH) to ubiquinone, 
which are passed to the respiratory chain complex, together with electrons from 
NAD-dependent dehydrogenation. 


6.3.3 Ketone Body Metabolism 


Acetyl-CoA is also condensed to 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) 
by mitochondrial HMG-CoA synthase. Acetoacetate (AcAc) is produced from 
HMG-CoA by HMG-CoA lyase (HL). AcAc and 3-hydroxy butyrate (3HB), which 
is in part converted from AcAc, enter into the bloodstream and then into extrahe- 
patic tissues. In extrahepatic tissues, 3HB is converted back to AcAc, activated to 
acetoacetyl-CoA by succinyl-CoA: 3-oxoacid CoA transferase (SCOT) and then to 
acetyl-CoA by mitochondrial acetoacetyl-CoA thiolase (T2). These steps are essen- 
tial for energy production from ketones in extrahepatic tissues. The brain does not 
have other fatty acid-derived sources of energy, and therefore ketone bodies are an 
essential aspect of brain metabolism during fasting periods [36]. 


6.3.4 Primary Carnitine Deficiency 


There are two types of carnitine deficiency: primary carnitine deficiency and sec- 
ondary carnitine deficiency. Primary carnitine deficiency (OMIM 212140) is a rare 
autosomal recessive disorder of fatty acid oxidation (frequency, 1:40,000 in Japan 
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[37]) caused by deficiency of plasma membrane carnitine transport resulting from 
impairment in the plasma membrane OCTN2 carnitine transporter [38]. It is caused 
by a mutation in the SLC22A5 gene (OMIM 603377), which is located on 5q31.1. 
This disease was first defined in 1988 in an infant presenting with fasting hypoke- 
totic hypoglycemic coma and fatty hepatomegaly associated with extremely low 
concentrations of carnitine in the plasma, liver, and skeletal muscle [39]. In infancy, 
it is often encountered before 2 years of age, and the symptoms include decreased 
feeding, irritability, lethargy, and decreased responsiveness. Hepatomegaly, cardio- 
myopathy, and muscle weakness are often presenting symptoms. Several fatal cases 
from cardiac failure in patients prior to diagnosis have been reported, suggesting 
that this disease is eventually fatal if not treated [40, 41]. 


6.3.5 CPTI Deficiency 


CPT I deficiency (OMIM 255120) is caused by a mutation in CPTIA (OMIM 
600528, located on 11q13.3). The first liver-type CPT I deficiency was reported in 
1981 in an 8-month-old infant with fasting-induced nonketotic hypoglycemia [42]. 
The presenting symptom is Reye’s-like syndrome with hypoketotic hypoglycemia 
and hepatomegaly [43]. 


6.3.6 CPT II Deficiency 


CPT II deficiency is caused by a mutation in the CPT2 gene (OMIM 600650), which 
contains five exons, located on chromosome 1p32.3. CPT II deficiency is one of the 
most common FAODs in Japan. It is categorized into three forms: neonatal (OMIM 
608836) [44—46], infantile (OMIM 600649) [47], and adult (OMIM 255110) [32]. 
The infantile form usually manifests between 6 and 24 months of age. It shows 
recurrent attacks of hypoketotic hypoglycemia resulting in coma and seizures, liver 
failure, and transient hepatomegaly. About one half of cases have heart involvement 
with cardiomyopathy and arrhythmia, and some cases result in sudden death. The 
neonatal form is more severe than the infantile form. Many sudden death cases have 
been reported, most often during the first month of life. The adult form often mani- 
fests between 6 and 20 years of age and is characterized by recurrent attacks of 
myalgia and muscle stiffness with myoglobinuria [17, 41, 43, 48, 49]. 


6.3.7 CACT Deficiency 


CACT deficiency (OMIM 212138) is caused by a mutation in the SLC25A20 gene 
(OMIM 613698), which is located on 3p21.31. CACT deficiency, first described in 
1992 in a 36-h-old neonate [50], occurs in the neonatal period and in infants up to 
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15 months of age. The severe neonatal type presents with cardiomyopathy and mul- 
tiple organ involvement. Most reported patients became symptomatic in the neona- 
tal period with a rapidly progressive deterioration and a high mortality rate [51]. 


6.3.8 WVLCAD Deficiency 


VLCAD deficiency (OMIM 201475) is caused by a mutation in the ACADVL gene 
(OMIM 609575), which is located on chromosome 17p13.1. VWLCAD deficiency, 
first described in 1993 [52-54], is categorized into three types: the severe child- 
hood, the milder childhood, and the adult forms. The severe childhood type usually 
occurs in the neonatal period and has a high mortality rate. Frequent symptoms are 
cardiomyopathy, hepatomegaly, and hypotonia. The milder childhood type is char- 
acterized by delayed onset. The main clinical features are hypoketotic hypoglyce- 
mia, hepatomegaly without cardiomyopathy, and hypotonia. The adult type is 
characterized by muscle pain, rhabdomyolysis, and myoglobinuria [55]. 


6.3.9 LCHAD, MTP, and LCKAT Deficiencies 


Mitochondrial trifunctional protein (MTP, also called TFP) complex contains three 
enzyme activities: long-chain 2-enoyl-CoA hydratase (LCEH), long-chain 
3-hydroxyacyl-CoA dehydrogenase (LCHAD), and long-chain ketoacyl-CoA thio- 
lase (LCKAT) [56, 57]. The former two enzymes are located on the alpha subunit of 
the MTP complex, whereas LCKAT is located on the beta subunit. The alpha sub- 
unit of MTP is encoded by the HADHA gene (OMIM 600890), and the beta subunit 
of MTP is encoded by the HADHB gene (OMIM 143450). 

Diseases of the MTP complex comprise two categories: isolated LCHAD defi- 
ciency (OMIM 609016) and general MTP deficiency (OMIM 609015). LCHAD 
deficiency is defined by the sole reduction of LCHAD activity, while MTP deficiency 
is defined by reduced activity of all three MTP enzymes. LCHAD deficiency is 
caused by mutations in the alpha subunit and has reduced LCHAD activity with nor- 
mal LCEH and LCKAT activities, while MTP deficiency is caused by various muta- 
tions in either the alpha or beta subunit and has reduced activities of all three enzymes 
[58—60]. Wanders et al. described a sudden infant death case with the accumulation 
of long-chain 3-hydroxy-fatty acids in 1989 [61, 62]. MTP deficiency was first 
described in 1992 [63, 64], and LCKAT deficiency was also described in 2006 [65]. 

The clinical manifestation of LCHAD and MTP deficiencies cannot be distin- 
guished, and acylcarnitine analysis also shows the same biochemical profile. 
LCHAD and MTP deficiencies are categorized into three forms: a lethal cardiomyo- 
pathic form, an infant-onset hepatic form, and a late-onset neuromyopathic form. 
LCHAD and MTP deficiencies in infancy and early childhood present as fasting 
hypoketotic hypoglycemia, vomiting, hepatomegaly, hypotonia, and cardiomyopa- 
thy, leading to sudden death [60, 66]. 
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6.3.10 MCAD Deficiency 


MCAD deficiency (OMIM 201450) is caused by a mutation in the ACADM gene 
(OMIM 607008), which is located on chromosome 1p31.1. It was first described in 
1976 [67, 68], usually first presents between a few months and 3 years of age, and 
neonatal-/adult-onset type has also been described. Representative symptoms are 
hypoketotic hypoglycemia, hypotonia, lethargy, and vomiting, leading to encepha- 
lopathy, coma, and sudden death. Death occurs in up to 25% of children with MCAD 
deficiency not previously diagnosed who experience episodes of acute metabolic 
crisis [69]. 

MCAD deficiency is the first definitive diagnosis of an inherited metabolic dis- 
ease in an infant who was initially considered as SIDS [6, 7]. In an 18-month-old 
infant with non-specific malaise and mild infection of the upper respiratory tract, 
who suffered a grand malconvulsion and died suddenly, the autopsy revealed diffuse 
fatty changes to viscera, and eventually MCAD deficiency was diagnosed. This 
report is considered to be the first metabolic autopsy [3]. 


6.3.11 Glutaric Acidemia Type II Deficiency 


GA II deficiency (OMIM 231680), also known as multiple acyl-CoA dehydroge- 
nase deficiency (MADD), is an autosomal recessive inborn error of fatty acid 
metabolism due to a defect in either the alpha or beta subunit of electron transfer 
flavoprotein (ETFA, OMIM 608053; ETFB, OMIM 130410) or ETF dehydroge- 
nase (OMIM 231675). It was first described in 1976 by Przyrembel et al. [70] and 
is divided into three clinical phenotypes: a neonatal onset form with/without con- 
genital anomalies (cystic or dysplastic kidneys, congenital heart disease) (severe 
form) and a late onset form (milder form). The neonatal severe form presents with 
hypotonia, hypoketotic or nonketotic hypoglycemia, and metabolic acidosis during 
the first few days of life. The severe form sometimes becomes fatal in the neonatal 
period regardless of intensive treatment [71-73]. 


6.3.12 3-Hydroxy-3-Methylglutaryl-CoA Lyase (HL) 
Deficiency 


HL deficiency, also called 3-hydroxy-3-methylglutaric aciduria (OMIM 246450), 
was first described by Faull et al. in 1976 in a 7-month-old male with acidosis and 
hypoglycemia [74, 75]. It is caused by a mutation in the HMGCL gene (OMIM 
613898), which is located on chromosome 1p36.11. HL deficiency is an early onset 
disease, and the first symptoms appear between the second and fifth days postpar- 
tum or between 3 and 11 months. Acute clinical symptoms include vomiting, 
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diarrhea, dehydration, hypotonia, hypothermia, lethargy, cyanosis, and apnea that 
sometimes progress to coma. Other symptoms are hepatomegaly, macrocephaly, 
microcephaly, delayed development, acute pancreatitis, and dilated cardiomyopathy 
with arrhythmia [76]. 


6.3.13 Mitochondrial Acetoacetyl-CoA Thiolase (T2) 
Deficiency 


T2 deficiency, also called beta-ketothiolase deficiency (OMIM 203750), is an inborn 
metabolism that affects the catabolism of isoleucine and ketone bodies. It is caused 
by a mutation in the ACAT/ gene (OMIM 607809), which is located on chromo- 
some 11q22.3. It was first described in 1971 by Daum et al. [77] and is character- 
ized by metabolic acidosis with vomiting and unconsciousness triggered by 
infections [78]. 


6.4 Metabolic Autopsy and Tandem Mass Screening 


6.4.1 Metabolic Autopsy 


Inherited metabolic disease is a functional disease, and fatty liver is the only mor- 
phological change for postmortem diagnosis. Metabolic autopsy, which includes 
analysis of metabolic products, enzyme assay, and genetic analysis, is mandatory. 

Living patients who have electrocardiogram (ECG) abnormality or palpitation 
are generally screened for arrhythmia-related genes, while living patients with con- 
vulsions are screened for epilepsy-related genes. However, SUD cases have no spe- 
cific symptoms, and differential diagnoses are numerous. Therefore, analysis of 
metabolic products helps to narrow down the candidate diseases, and genetic analy- 
sis by Sanger’s methods can confirm mutations. 


6.4.2 Case Presentation! [14] 


A 6-month-old boy with a fever that had continued for several days suddenly lost 
consciousness and died. Macroscopic examination revealed no distinctive abnor- 
mality, and drug screening was negative. Microscopic examination revealed fatty 
liver, suggesting Reye’s-like syndrome, but a definitive diagnosis was not made. 
Initially, postmortem biochemical analysis was performed to narrow down the 
candidate genes. Acylcarnitine analysis by tandem mass spectrometry using whole 
blood samples revealed an increase in long-chain acylcarnitines, such as C16, 
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C18:1, C18:2, and C18, while C14:1 and C14:2 were not increased. This suggests 
that this case had long-chain fatty acid oxidation defects, such as CPT II deficiency 
or CACT deficiency. 

The CPT2 gene has five exons, and the CACT gene has ten exons. All of the 
exons with their respective flanking intronic regions were amplified by PCR meth- 
ods and then sequenced by Sanger’s method. Sanger’s sequencing revealed two 
substitutions in the CPT2 gene: F383Y and L644S. The F383Y substitution has 
been reported in some CPT II deficiency patients. The L644S substitution has not 
been reported previously, but these two substitutions were compound heterozygous, 
and thus CPT II deficiency was finally diagnosed in this patient. 


6.4.3 Tandem Mass Screening 


The question was then raised about whether the patient could have been rescued. 
Blood acylcarnitine was increased in the postmortem period, but could this have 
been detected prior to death? Newborn screening (NBS) was performed at that time, 
but the target diseases were limited to the following: phenylketonuria, maple syrup 
urine disease, homocystinuria, galactosemia, congenital adrenal hyperplasia, and 
congenital hypothyroidism. Tandem mass screening had not been available at that 
time. We analyzed the NBS card and detected an increase in long-chain acylcarni- 
tine. If tandem mass screening had been performed at that time, he would have been 
diagnosed, and the metabolic crisis could have been prevented. 

We were not able to follow the family at that time but should have contacted the 
family, as this disease is inherited in an autosomal recessive manner and the remain- 
ing siblings may be affected. 


6.4.4 Missed Patients by Tandem Mass Screening 


Tandem mass screening started in Japan in the 1990s and is now available nation- 
wide [79]. It can detect subclinical patients in an asymptomatic phase and lead to 
early diagnosis and therapeutic intervention. Therefore, these diseases might have 
been detected during the postpartum period before the symptomatic phase, and sud- 
den death could have been prevented. 

However, not all metabolic diseases are included in mass screening, and even if 
included, not all the cases can be detected. Indeed, there are some false-negative 
patients. Sarafoglou et al. described affected children with null T2 mutations and no 
metabolites specific for T2 deficiency in quantitative plasma acylcarnitine and urine 
organic acid profiles while stable and argued that T2 deficiency can be missed by 
NBS [80]. Edmondson et al. reported a 4-year-old CPT II deficiency patient whose 
disease was initially missed by NBS, demonstrating that not all cases of CPT II 
deficiency are being detected by the currently used NBS methods [81]. 
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6.5 Metabolic Autopsy with Next-Generation Sequencing 
6.5.1 Sanger’s Method and Next-Generation Sequencing 


The CPT II deficiency patient described above was the representative successful 
case of metabolic autopsy. However, Sanger’s method is not appropriate for SUD, 
because no symptoms are present, and therefore no candidate genes can be selected. 
It is time-consuming and effort-intensive and is therefore impractical for non- 
specific screening. Recently, next-generation sequencing has become available, and 
comprehensive panel screening for inherited diseases has become more common. It 
can detect many variants with less time and effort. 


6.5.2 Case Presentation’ [17] 


An 1|1-month-old girl with fever and vomiting that had continued for several days 
suddenly lost consciousness and died. Postmortem CT imaging and macroscopic 
examination revealed no distinctive abnormality. Drug screening was negative. 
Microscopic examination revealed fatty liver, suggesting Reye’s-like syndrome, but 
a definitive diagnosis was not made. 

The patient was reported in 2015, and next-generation sequencing was available. 
Postmortem comprehensive genetic analysis with next-generation sequencing was 
performed to determine the causative gene. A fatty oxidation-related gene panel was 
prepared, and only a one run over a few days revealed two substitutions in the CPT2 
gene: F323 fs and V605 L. Pedigree analysis confirmed that the deletion was trans- 
mitted from her father, while the substitution was from her mother. The V605 L 
substitution has been previously reported in a Japanese CPT II deficiency patient 
[82]. Biochemical analysis was consistent with CPT II deficiency. 

In Case 1, we were regrettably unable to follow the family, but in Case 2, we 
contacted the family and their family doctor in order to prevent potential metabolic 
crises in any other children from pregnancy. Newborn babies could then be sub- 
jected to medical intervention during the asymptomatic period. 


6.6 Inherited Arrhythmia in Sudden Infant Death 


In the previous section, we described metabolic autopsy. In addition to metabolic 
diseases, inherited arrhythmia is one of the causes of sudden death. Inherited 
arrhythmia includes Brugada syndrome, long QT syndrome (LQTS), short QT syn- 
drome, progressive cardiac conduction disease (PCCD), catecholaminergic poly- 
morphic ventricular tachycardia (CPVT), and arrhythmogenic right ventricular 
cardiomyopathy (ARVC). The candidate genes for these arrhythmias are 
numerous. 
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Postmortem genetic testing or molecular autopsy has been commonly performed 
in cardiovascular fields (Table 6.3). Previously, molecular autopsy targeted only one 
or a few genes [83—97]; however, since the first report of molecular autopsy with 
next-generation sequencing, there have been many reports [20, 98—103]. 


Table 6.3 Summary of cardiac disease-related molecular autopsies in Japan 


Subject Reference 
SIDS PHOX2B DHPLC [34] 


SUD 18 RyR2 Variants in 2 HRM/DS [85] 
cases 


CHD 36 eNOS Positive PCR-RFLP [86] 
association 

SIDS 42 Channelopathy | Variants in 4 DHPLC [87] 
cases 

SUD 17 RyR2 Variant in 1 HRM/DS [88] 
case 

SUD 70 SCNSA Positive PCR-RFLP/DS [89] 
association 

SUD 17 KCNQI Variant in 1 PCR-SSCP/DS [90] 
case 

SIDS 42 NOSIAP Positive PCR-RFLP/DS [91] 
association 

CM 36 TNNI3 Positive DS [92] 
association 

SUD 1 DSG2 Variant in 1 HRM/DS [93] 
case 

SUD SCNSA Variant in 1 [94] 
case 


SUD with Channelopathy | Risk factor PCR-REFLP/DS [95] 

psychological 

disorders 

SUD 1 Channelopathy | Variant in 1 [96] 
case 

SUD 15 DSP Variants in 3 DS [97] 
cases 

SUD 25 Channelopathy | Variants in 14 | NGS [101] 
cases 

SUDI 71 Channelopathy | Variants in 11 NGS [20] 
cases 

SUDEP Channelopathy | Variants in 6 NGS [102] 
cases 
case 


Molecular Channelopathy | No association | NGS [129] 
autopsy-negative 
SUDI 

CHD coronary heart disease, CM cardiomyopathy, DHPLC denaturing high-performance liquid 
chromatography, DS Sanger’s direct sequencing, HRM high-resolution melting, NGS next-generation 
sequencing, PCR-RFLP PCR restriction fragment length polymorphism, PCR-SSCP PCR single- 
strand conformation polymorphism, SIDS sudden infant death syndrome, SUD sudden unexpected 
death, SUDI sudden unexpected death in infancy, SUDEP sudden unexpected death in epilepsy 
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Most of these are studies about adult SUD, but infant cases have not been fully 
analyzed. We reported a next-generation sequencing study, in which six cases had 
at least one heterozygous amino acid change in an arrhythmia-related gene that 
had previously been reported as an arrhythmia-related variant among 71 SUD 
patients [20]. 

Neonatal ECG screening has been started in some regions [104]. In Japan, 
Yoshinaga et al. screened 4285 infants at the age of 1 month and diagnosed four 
infants with prolonged QT intervals [105]. If our six fatal cases had been screened, 
they might have been diagnosed at an asymptomatic phase, and medical interven- 
tion could have been started. Genetic mass screening would have prevented some 
cases of sudden infant death. 


6.7 Genetic Risk Factor for Sudden Infant Death 


6.7.1 Genetic Risk Factor 


In the previous metabolic autopsy studies and arrhythmia-related molecular autopsy 
study, some of the SUD cases were genetically diagnosed as inherited metabolic 
diseases and inherited arrhythmias [14, 15, 17, 20]. However, only a few cases have 
disease-causing variants, and most SUD cases cannot be explained by “mutations” 
in these genes. 

Various environmental and genetic risk factors have been associated with sudden 
infant death. The first report about genetic risk factors was a serotonin transporter 
described in 2001 [106]. Cardiac ion channel, autonomic nervous system, and 
complement or interleukin polymorphisms have been reported as genetic risk fac- 
tors, while smoking, prone or side sleeping, soft bedding, and prematurity are 
recognized as environmental risk factors [107]. We here describe the genetic risk 
factors for metabolic disease-related and arrhythmia-related genes. These genetic 
risk factor variants were detected in sudden death cases, but they have also been 
found in healthy controls. Because SIDS is explained by the “triple risk hypothesis,” 
and vulnerable infants become symptomatic when they encounter an exogenous 
stressor in a critical development period [108, 109], these variants might constitute 
a vulnerable background. 


6.7.2 Metabolic Disease 


To date, there have been some studies related to genetic risk factors for inherited 
metabolic disease. P479L-CPTIA was first described in 2001 in an adult male of 
First Nations ancestry who had frequent episodes of muscular cramps, vomiting, 
and occasional loss of consciousness [110], and there have been studies into the 
association between P479L-CPT/A and sudden infant death [111—113]. 

We have also reported the CPT2 gene as a genetic risk factor. The common variant 
of the CPT2 gene has not been reported to affect enzyme activity, while the thermola- 
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bile phenotype of the CPT2 variant (F352C) has been reported to reduce enzyme 
activity at high temperatures [114-116]. Shinohara et al. reported that the F352C- 
CPT2 variant caused an energy crisis at high temperature and was associated with 
acute encephalopathy [117]. We reported that the frequency of the F352C homozygote 
was significantly higher in SUDI than in a control group, thus suggesting a genetic risk 
factor for sudden infant death [16]. Under severe conditions such as high fever and 
respiratory or metabolic acidosis, decreased thermolabile CPT II activity with the 
F352C variant might lead to energy crisis, acute brain edema, and sudden death. 


6.7.3 Arrhythmia-Related Disease 


Our second study into risk factors focused on arrhythmia-related variants. In 
arrhythmia-related genes, the prevalence of the S1103Y-SCNS5A variant is higher in 
SIDS cases and is associated with SIDS among African-American infants [118, 
119]. In Japan, Matsusue et al. reported an autopsy case of sudden unexpected noc- 
turnal death syndrome with R1193Q-SCN5A, who died at night while sleeping [94]. 
Other than the R1193Q-SCNS5SA variant, there are some variants of inherited 
arrhythmia-channel genes that are detected in healthy controls but affect ion chan- 
nel currents. 

Some patients with acquired LOTS may have these underlying genetic predispo- 
sitions to proarrhythmia [120]. Yamaguchi et al. reported that the homozygous vari- 
ant of G38S-KCNE/ might cause a mild reduction in the KCNH2 and KCNQ/ 
delayed rectifier K* currents (/,, and A) and might increase the arrhythmogenic 
potential, particularly in the presence of QT-prolonging factors [121]. On the other 
hand, Akyol et al. reported that the variant does not appear to have a strong modify- 
ing effect on the QT interval [122]. Kubota et al. reported that the G643S-KCNQ/ 
variant could be a molecular basis for mild Ix, dysfunction, leading it to being a risk 
factor for secondary LQTS [120]. In elderly females, G643S-KCNQ/ might be a 
risk factor for secondary LQTS [123]. The K897 T-KCNH2 substitution was first 
reported in 2000 by Laitinen et al. [124], and since then, it has been controversial 
whether this variant is a rare polymorphism [125] or a disease-causing variant [126]. 
Nof et al. reported that K897T-KCNA2 substitution potently accentuates the effects 
of a mutation, thus resulting in a lethal form of LOTS [127]. The R1193Q-SCN5A 
substitution has been detected in 461 alleles among 6498 East Asian alleles, but it 
accelerates the inactivation of the sodium channel current as a functional mutation 
that can cause susceptibility to cardiac arrhythmias [128]. 

We selected 60 cases from the 71 SUD cases, the cause of death of which was not 
identified by genetic analysis [20], as molecular autopsy-negative SUD cases, a 
purer group of SUD. In this sense, this was the first report of molecular autopsy- 
negative SUD. However, there were no significant differences between SUD cases 
and the controls [129]. Thus, from the perspective of statistical analysis, these vari- 
ants are not associated with molecular autopsy-negative SUD, and may not be 
genetic risk factors for sudden infant death. 
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6.8 Conclusion: Preventable Deaths and the Future 


The main mission of forensic science is to determine the cause of death and to make 
correct diagnoses in the deceased that may prevent forthcoming deaths in surviving 
family members, as described above. Forensic science is therefore not only for the 
deceased but also for the bereaved and future family members. 
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Chapter 7 ® 
Genetics in Forensic Science iis 


Aya Matsusue and Shin-ichi Kubo 


Abstract DNA profiling is a powerful forensic technique to identify individuals 
because DNA is different among individuals, except for identical twins. Autosomal 
short tandem repeat (STR), Y chromosomal STR, and mitochondrial DNA testing 
have been performed for identification. Autosomal STR and Y chromosomal STR 
are analyzed using STR multiplex assays that simultaneously amplify many STR 
loci. Therefore, large amounts of information can be obtained from a small amount 
of DNA. Mitochondrial DNA testing is an efficient way to identify from samples, 
especially those that have low and/or highly degraded DNA content. DNA profiling 
is useful not only for forensic casework but also for cell line authentication. 

Significant associations between gene polymorphisms and the response to drugs 
have been well demonstrated. Multiple drug resistance 1 pumps many foreign sub- 
stances out of the cells and plays an important role in limiting drug absorption and 
distribution. Cytochrome P450 enzymes play a major role in drug metabolism. The 
dopamine D2 receptor is the common target for most antipsychotic drugs. Catechol- 
O-methyltransferase is an enzyme that degrades catecholamines. Polymorphisms in 
these genes are associated with drug response. Thus, genetic background should be 
considered in the forensic autopsy diagnoses of intoxication. 


Keywords DNA profiling - Short tandem repeat - Cell line authentication - Drug 
response - Polymorphism 


7.1 Introduction 


DNA profiling has been used to identify individuals in forensic casework, and 
unidentifiable bodies are often identified by DNA profiling. A DNA profile obtained 
from evidence left at a crime scene 1s compared with the profiles of known 
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individuals such as a victim or suspect. DNA profiling is an extremely effective 
method for identifying these individuals. We herein explain DNA profiling and uti- 
lization for confirmation of cross-contamination and misidentification of human 
cultured cell lines. 

Autopsy cases involving intoxication exhibit few distinct pathological findings at 
the time of autopsy. The diagnosis of intoxication requires evidence based on toxi- 
cological analysis. However, some autopsy cases, especially those involving chronic 
drug abusers or prolonged death, exhibit no clear toxicological findings. There are 
cases when the drug level is below the fatal level, but the effects can still produce a 
lethal result. Even if the same drug was taken in the same dose, there are cases with 
higher blood concentrations. As there is a possibility that individual differences in 
the drug effects are caused by the user’s genetic background, we describe genetic 
factors that cause individual differences in susceptibility to drugs. 


7.2 DNA Profiling 


7.2.1 Introduction 


DNA profiling is used for kinship testing and personal identification of suspects or 
victims in a criminal investigation. Individual identification of an unidentified dece- 
dent and specimens found at a crime scene must be conducted. Furthermore, the iden- 
tification of unidentified victims is necessary in the case of large-scale disasters [1, 2]. 
DNA profiling is an extremely effective method for these individual identifications. 

All cells in the body contain exactly the same DNA. Therefore, samples derived 
from the body, including tissues [3, 4], bone [5, 6], nail [7, 8], hair follicles [9, 10], 
blood [11], and other bodily fluids [12—15], can be used for DNA profiling. DNA is 
first isolated from the cells and then measured to evaluate the quantity of DNA 
recovered. Then, specific regions are copied using PCR. PCR produces millions of 
copies of each DNA fragment and permits trace amounts of DNA to be analyzed. 
Short tandem repeat (STR) typing methods are widely used today for DNA profil- 
ing. STRs are regions of the genome composed with short repeat units (approxi- 
mately 2—6 bp in length), and 4—6 bp repeats are commonly used for forensic STR 
analysis. Different STRs can be amplified in a single PCR reaction. Multiple sets of 
primers are labeled by different fluorescent dyes and fluorescence detection meth- 
ods increase sensitivity. Therefore, multiple STR regions can be analyzed simulta- 
neously to quickly obtain large amounts of information from a small amount of 
DNA. STRs are amplified by PCR and the PCR products are then separated and 
detected. Capillary electrophoresis is used for separation of PCR-amplified STR 
alleles. The number of contiguous repeat units ranges in size and is typed according 
to the length of the repeat units. After detecting the fluorescence labeling of the PCR 
products, the number of repeats is determined and genotyped. We have performed 
autosomal STR, Y chromosomal STR, and mitochondrial DNA testing for 
identification. 
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7.2.2 Autosomal STR 


The AmpFISTR Identifiler PCR Amplification Kit (Identifiler Kit) and the 
AmpFISTR Identifiler Plus PCR Amplification Kit (Identifiler Plus Kit) (Applied 
Biosystems, Foster City, CA, USA) are STR multiplex assays that simultaneously 
amplify 15 autosomal STR loci and the amelogenin gender-determining marker in 
a single PCR assay (Table 7.1). STR loci are physically separated and are also inher- 
ited independently from each other. The amelogenin locus enables gender determi- 
nation. The primers for the amelogenin locus amplify specific products from the X 
and Y chromosomes that are different fragment lengths. 

The DNA samples are often degraded in forensic casework samples. The ampli- 
con allele size ranges no greater than 360 bp in the Identifiler Kit and Identifiler Plus 
Kit; therefore, analysis is possible even from degraded DNA samples. The amount 
of input DNA added to the Identifiler Kit is between 0.5 and 1.25 ng. If the sample 
contains degraded DNA, amplification of additional DNA may be beneficial. 

There is a possibility that nonhuman DNA may be present in forensic samples. 
The Identifiler Kit is specific to primates, and other species do not amplify for the 
loci tested, with the exception of the amelogenin locus. It has been reported that 
some STR loci have been increasing in samples from nonhuman primate species 
[16]. Genotypes and distribution of allele frequencies were studied in Japanese indi- 
viduals using the Identifiler Kit [17, 18]. The combined match probability of all loci 
was 1.8 x 107" [18]. 

The AmpFISTR MiniFiler PCR Amplification Kit from Applied Biosystems 
(MiniFiler Kit) is an assay optimized for genotyping DNA samples that are more 
degraded and/or contain inhibitors. The MiniFiler Kit amplifies the eight largest 
sized STR loci in the Identifiler Kit (Table 7.1) and amelogenin in a single PCR 
reaction. The amplicon allele size is shorter in length than that produced by the 
Identifiler Kit and ranges less than 290 bp. The MiniFiler Kit generates smaller 
sized PCR products and improves analysis from degraded DNA samples. Therefore, 


Table 7.1 Loci used for DNA profiling 


Autosomal STR Locus 

AmpFISTR Identifiler PCR D8S1179, D21S11, D7S820, CSFIPO, D3S1358, THO1, 

Amplification Kit D13S8317, D16S539, D2S 1338, D19S433, vWA, TPOX, 
D18S51, D5S818, FGA, amelogenin 

AmpFISTR MiniFiler PCR D13S8317, D7S820, D2S1338, D21S11, D16S539, 

Amplification Kit D18S51, CSFIPO, FGA, amelogenin 


Minimum of 8 core STR markers |THO1, TPOX, vWA, CSF1PO, D16S539, D7S820, 
recommended for human cell line | D13S317, D5S818, amelogenin 


authentication 

Y chromosomal STR Locus 

AmpFISTR Yfiler PCR DYS456, DYS389I, DYS390, DYS389II, DYS458, 
Amplification Kit DYS19, DYS385a/b, DYS393, DYS391, DYS439, 


DYS635, DYS392, Y GATA H4, DYS437, DYS438, 
DYS448 
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the MiniFiler Kit is useful in the analysis of forensic samples when the Identifiler 
Kit fails to produce complete profiles. 


7.2.3 Y Chromosomal STR 


The AmpFISTR Y filer PCR Amplification Kit from Applied Biosystems (Y filer Kit) 
is an STR multiplex assay that simultaneously amplifies 17 Y-STR loci located on 
the Y chromosome in a single PCR reaction (Table 7.1). Y-STRs are specific to male 
DNA and are useful for forensic casework where there is a mixture of male and 
female DNA that may arise from sexual assault cases and homicides. When autoso- 
mal STRs are analyzed in sexual assault cases, male autosomal DNA in a mixture 
sample may not be amplified and detected because of high levels of female DNA. The 
Y-STR analysis targets only genes on the Y chromosome, thereby effectively detect- 
ing the male-specific DNA profiles [19, 20]. Y-STRs are inherited through the pater- 
nal line through generations, making them useful for paternity testing between 
fathers and sons, and identification of paternal relatives. The amplicon allele size 
ranges no greater than 340 bp in the Yfiler Kit. The amount of input DNA added to 
the Yfiler Kit is between 0.5 and 1.0 ng. Some common domestic mammals were 
found to produce PCR products, although this is not a problem in forensic casework 
analysis. Furthermore, a significant number of cross-reacting products were found 
with nonhuman primates [21]. Population genetics of Y-STR loci were studied in 
Japanese individuals using the Yfiler Kit [22, 23]. The haplotype diversity was 
0.9992, having the potential to discriminate among Japanese male individuals [23]. 


7.2.4 Mitochondrial DNA 


Most human cells contain hundreds of mitochondria and thousands of mitochon- 
drial DNA [24]. Therefore, mitochondrial DNA is useful for analyzing highly 
degraded or limited DNA samples due to the high copy number per cell compared 
with nuclear DNA. Mitochondrial DNA makes it possible to analyze cases where 
STR typing is unsuccessful, such as highly degraded samples, hair shafts, and skel- 
etal materials [25—28]. The mitochondrial DNA sequence has a very high mutation 
rate. The noncoding, highly variable region of human mitochondrial DNA is called 
the D-loop, which encompasses two polymorphic hypervariable regions (HV1 and 
HV2) that are used for forensic mitochondrial DNA analysis. The HV1 and HV2 
regions of mitochondrial DNA are amplified by PCR and then purified. The 
sequences of HV1 and HV2 regions are examined by direct DNA sequencing. 
Mitochondrial DNA is inherited maternally [29] and is useful to search for maternal 
relatives. Mitochondrial DNA sequences of the HV1 and HV2 regions were studied 
in Japanese individuals, and the haplotype diversity and random match probability 
were estimated to be 0.9969 and 0.0040, respectively [30]. 
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In forensic casework, the obtained DNA profiling data of an unknown sample is 
compared with the data of known samples such as the victim or suspects. If the 
DNA profile of the biological samples collected at a crime scene does not match that 
of the suspect, then the sample is considered to not be derived from the suspect. 
When the DNA profiles match, the result is considered to be “included” or “not 
excluded.” The probabilities of one individual’s DNA profile matching another indi- 
vidual are extremely low when a complete DNA profile is obtained using the 
Identifiler Kit because the combined match probability of all loci is 1.8 x 107!” in 
the Japanese population [18]. In kinship testing, the data for DNA profiling of 
someone is compared with the data of relatives. In paternity testing, the DNA profile 
(autosomal STRs) of the child is compared with that of the child’s mother to find 
which of the child’s alleles come from the mother. Alleles that do not come from 
mother must have been inherited from the father. The other alleles of the child are 
then compared with the DNA profile of the alleged father. If the alleles between the 
child and the alleged father do not match on two or more STR loci, the “father” is 
excluded, which means he is not the biological father of the child. If the DNA pro- 
files match, the “father” is not excluded, which means there is a probability that he 
is the biological father, and a likelihood ratio is calculated. The mutation rates of 
STR alleles are low, and those of the HV1 and HV2 regions of mitochondrial DNA 
are high; therefore, the mutational behavior must be carefully considered in kinship 
analysis. The mutation rates per STR locus used in forensic analysis, the HV1 
region, and the HV2 region per generation were estimated [31, 32]. 


7.2.6 Cell Line Authentication 


Human cultured cell lines are used in many laboratories for biomedical research. 
Recently, cross-contamination and misidentification among cultured cell lines is an 
extremely serious problem [33]. It was reported that 18—36% of culture cells con- 
tain a misidentified species or cell type [34], and 18% of cell lines donated to the 
German Cell Bank were misidentified or contaminated [35]. Cell line misidentifica- 
tion or contamination may cause misinterpretation of experimental data and loss of 
time and money. 

DNA profiling is used for cell line identification. STR profiling 1s recommended 
for authenticating human cell lines and stem cells [36]. We examined mixed cell 
lines using DNA profiling. Human breast cancer cell lines derived from different 
patients were mixed in varying proportions, and DNA profiling was performed 
using the Identifiler Kit. The electropherograms of the mixed cell lines at D8S1179, 
D21S11, D7S820, and CSFIPO loci are shown in Fig. 7.1. In cases where a cell line 
originated from a single individual, one or two allele peaks were observed at all 
loci, as shown in Fig. 7.la (1:0), d (0:1). The existence of more than two allele 
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Fig. 7.1 Electropherograms showing DNA profiles at four loci in mixed human breast cancer cell 
lines established from different individuals. The ratios of cell line A to cell line B (A:B ratios) 
shown are (a) 1:0, (b) 1:1, (c) 1:10, and (d) 0:1 


peaks at a locus indicates that cell lines comprise more than one individual. Several 
loci with three or four allele peaks were observed in a mixed cell line at the ratios 
of 1:1 and 1:10 (Fig. 7.1b, c). The percentage of detected alleles of the minor cell 
line was approximately 33% at a ratio of 1:10 in our study; therefore, it was consid- 
ered that the detection limit of the minor cells was approximately 10% when a 
threshold value of 50 RFU was used in Identifiler. However, the detection limit of 
the minor cells was affected by the combination of genotypes in the mixture [37]. 
DNA extracted from fresh cells usually exhibits little degradation and high yield; 
hence, the peak height ratios of the two alleles of a heterozygous individual are 
generally very well balanced [37]. However, significantly imbalanced alleles for a 
heterozygous genotype were observed at the D78820 (Fig. 7.1b), D13S317, 
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D16S539, TPOX, D18S51, and D5S818 loci of the mixed cell line. These imbal- 
anced alleles also indicated that cell lines comprised more than one individual. As 
samples in forensic casework often contain DNA from two or more individuals, 
mixed DNA profiles have been investigated in detail [38, 39]. The results obtained 
from mixed cell lines in our study were similar with those obtained by two DNA 
samples mixed and amplified using Identifiler [37]. 

Recently, several institutions began offering services for STR typing of human 
cell lines. The American Tissue Culture Collection (ATCC) Standards Development 
Organization Workgroup has developed a standard for human cell line authentica- 
tion [40]. Using at least eight STR loci (THO1, TPOX, vWA, CSFIPO, D16S539, 
D75820, D13S317, and D5S818) plus amelogenin is recommended for standardiza- 
tion of the analysis for human cell line authentication (Table 7.1). A comprehensive 
database of DNA profiles of STR loci for human cell lines has been developed. 
Online databases of human cell line STR profiles, such as the ATCC or DSMZ web- 
sites, are essential resources when authenticating human cell lines. The STR profile 
of the researcher’s cell line is compared with these databases. If the cell line is 
established within a laboratory, the STR profile is compared with the DNA from the 
donor of the cell line. Many journals now recommend or require authors to authen- 
ticate their human cell lines. It is necessary to perform authentication of cell lines by 
STR profiling at the beginning, the end, and/or during experiments as appropriate. 


7.3 Association Between Genetic Polymorphism and Drug 
Toxicity 


7.3.1 Introduction 


Currently, pathological examination, toxicological analysis, and biochemical analy- 
sis are performed in autopsy cases. Although toxicological analysis is important for 
diagnosis of drug intoxication, and systematic biochemical screening and patho- 
logical examination are useful in the diagnosis of intoxication, it remains unclear 
how differences in the levels of drug and biochemical markers in individuals are 
affected by the intake of drugs. There are many gene mutations and polymorphisms 
that affect drug response. The disposition of a drug within the body includes the 
four processes of ADME: absorption, distribution, metabolism, and excretion (elim- 
ination). Many polymorphisms related with these processes have been reported. We 
will explain the relationship between gene polymorphisms and pharmacokinetics. 


7.3.2 MDRI (Multidrug Resistance Protein 1) 


ATP-binding cassette transporter BI (ABCB1) gene, also known as multidrug resis- 
tance protein I (MDR1) gene, encodes P-glycoprotein. P-glycoprotein is a mem- 
brane protein that functions as an ATP-dependent efflux pump and pumps many 
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foreign substances out of cells [41]. P-glycoprotein is highly expressed in the endo- 
thelial cells of the blood-brain barrier and acts to restrict the distribution of many 
drugs from the blood to the brain [42]. P-glycoprotein protects the brain from harm- 
ful substances and plays a key role in drug disposition as a drug transporter. 
P-glycoprotein is distributed along the gastrointestinal tract and found in high con- 
centrations on the epithelial cells of the colon and small intestine. It affects the cel- 
lular uptake of drugs from the intestinal lumen into epithelial cells and plays an 
important role in intestinal drug absorption by limiting drug transport from the 
intestinal lumen [43]. P-glycoprotein is also expressed in the luminal membrane of 
proximal tubule cells in the kidneys [44] and pumps drugs into the urine and facili- 
tates renal drug excretion. It has been found in the canalicular membrane of hepato- 
cytes facing the bile duct lumen in the liver [45]. P-glycoprotein enhances the 
elimination of drugs into the bile [46]. A number of anticancer agents, cardiac 
agents, immunosuppressants, antibiotics, and opioids are substrates of P-glycoprotein 
[46, 47]. To date, a total of 66 coding SNPs, including 24 synonymous and 42 non- 
synonymous SNPs, have been found in the ABCB/ gene [48]. At least 14 SNPs are 
reported to be associated with drug response or pharmacokinetics [48]. Among 
them, three SNPs (1236C > T, 3435C > T, and 2677G > T/A) have been studied in 
detail. Several studies have reported that these polymorphisms and haplotypes of 
the ABCB/ gene are associated with alterations in drug disposition and response. 
However, these results are conflicting and have limited clinical relevance [49]. 


7.3.3 CYPs (Cytochrome P450) 


Cytochrome P450 (CYP) plays a key role in the metabolism of drugs and other 
xenobiotics [50]. There are 57 functional CYP genes and 58 pseudogenes in Homo 
sapiens [51]. CYP families 1, 2, and 3 are responsible for metabolizing most foreign 
substances, including 70-80% of all drugs in clinical use [52]. Most CYPs metabo- 
lize more than one drug. A drug is often metabolized by more than one CYP enzyme. 
Polymorphisms in the CYP family are of great importance for inter-individual dif- 
ferences in drug response. The distribution of CYP polymorphisms differs among 
ethnic groups. If the blood concentration of the drug is suspected to be higher than 
the antemortem drug intake, we examine mutations and polymorphisms of these 
drug-metabolizing enzymes. Genetic polymorphisms of CYP2D6, 2C19, and 2C9 
are the most important for phase I metabolism of drugs [51]. 

CYP2D6 is involved in the metabolism of approximately 20-25% of clinically 
used drugs [53]. CYP2D6 metabolizes many drugs that target the cardiovascular and 
central nervous system [51]. The CYP2D6 gene locus is highly polymorphic and 
more than 100 different alleles have been described to date [54]. Common CYP2D6 
alleles are described in Table 7.2. The polymorphisms of CYP2D6 affect CYP2D6 
activity, and result in poor metabolizers (PM), intermediate metabolizers (IM), exten- 
sive metabolizers (EM), and ultrarapid metabolizers (UM) of drugs metabolized by 
the CY P2D6 enzyme [55]. Individuals with an EM phenotype carry one or two func- 
tional CYP2D6 alleles. Individuals with a PM phenotype carry two deficient alleles 
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Table 7.2 Common CYP2D6, CYP2C9, and CYP2C19 alleles 


Allele 
CYP2D6*IA 
CYP2D6*2A 
CYP2D6*3A 
CYP2D6*4A 
CYP2D6*5 
CYP2D6*6A 
CYP2D6*9 
CYP2D6*10A 
CYP2D6*14A 
CYP2D6*14B 
CYP2D6*17 
CYP2D6*18 
CYP2D6*36 


CYP2D6*41 
CYP2D6*1xN 
CYP2D6*2xN 
CYP2D6*4x2 
CYP2D6*10x2 
CYP2C9*IA 
CYP2ZC9*2A 
CYP2C9*3A 
CYP2C9*5 
CYP2C9*6 
CYP2C9*]]A 
CYP2C19*IA 
CYP2C19*2A 
CYP2C19*3A 
CYP2C19*17 


Amino acid change 


R296C, S486T 
259Frameshift 

P34S, L91M, H94R, splicing defect, S486T 
CYP2D6 deleted 
118Frameshift 

K281del 

P34S, S486T 

P34S, G169R, R296C, S486T 
G169R, R296C, S486T 
T1071, R296C, S486T 
468_470dupVPT 


P34S, P469A, T470A, H478S, G479R, 
F481V, A482S, S486T 
CYP2D6-CYP2D7 hybrid 


R296C, splicing defect, S486T 
N active genes 
R296C, S486T, N active genes 


R144C 

I359L 

D360E 
273Frame shift 
R335W 


Splicing defect, [331V 
W212X, 1331V 
1331V Expression (—806C>T) 
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Enzyme activity 


In vivo 
Normal 
Normal 
None 
None 
None 
None 
Decrease 
Decrease 
None 


Decrease 
None 


Negligible 


Decrease 
Increase 
Increase 
None 
Decrease 
Normal 


Decrease 


None 
Decrease 
Normal 
None 
None 
Increase 


In vitro 
Normal 
Normal 
None 
None 


Decrease 
Decrease 
None 
Decrease 
Decrease 
Decrease 
Negligible 


Decrease 


Normal 

Decrease 
Decrease 
Decrease 


Decrease 
Normal 


(e.g., CYP2D6*3, *4, and *5). Individuals with an IM phenotype carry two reduced 
function alleles (e.g., CYP2D6*/0) or one reduced function allele and one deficient 
allele. Individuals with an UM phenotype carry duplication or multiplication of func- 
tional alleles. PM and IM exhibit a reduced clearance and increased plasma concen- 
trations, whereas UM have an increased clearance and lower drug concentrations. 
Approximately 5—14% of Caucasians, 0-5% of Africans, and 0-1% of Asians are PM 
of CYP2D6 and completely lack CYP2D6 enzyme activity [51]. PM are at increased 
risk of adverse effects due to increased blood level of the drugs that are metabolized 
by CYP2D6 [56]. Approximately 10-15% of Caucasians, up to 30% Africans, and up 
to 50% of Asians are IM of CYP2D6, with reduced CYP2D6 enzyme activity [57]. 
IMs are primarily located in Asia. UM is observed in 2% of Swedish Caucasians and 


16% of black Ethiopians, increasing CYP2D6 enzyme activity [56]. 
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CYP2C9 metabolizes more than 100 clinically used drugs [58]. Oral sulfonyl- 
urea hypoglycemic, nonsteroidal anti-inflammatory drugs (NSAIDs), selective 
COX2 inhibitors, antiepileptics, and anticancer drugs are substrates for CYP2C9 
[51]. To date, there are at least 57 variants of CYP2C9 that have been identified [59]. 
Common CYP2C9 alleles are described in Table 7.2. Several variant CYP2C9 alleles 
result in decreased enzyme activity [60, 61]. In particular, several studies indicated 
that the CYP2C9*2 and CYP2C9*3 alleles reduce enzyme activity. CYP2C9*1 
metabolizes warfarin normally, CYP2C9*2 reduces warfarin metabolism by 
30-50%, and CYP2C9*3 reduces warfarin metabolism by around 90% [62, 63]. 
Heterozygosity for CYP2C9*2 (*1/*2) results in intermediate warfarin metabolism. 
Homozygosity for CYP2C9*2 (*2/*2), heterozygosity for CYP2C9*3 (*1/*3), and 
compound heterozygosity (*2/*3) results in poor and slow warfarin metabolism. 
Homozygosity for CYP2C9*3 (*3/*3) results in extremely slow warfarin metabo- 
lism [64]. The frequencies of CYP2C9*2 are approximately 8.0—-14.2% in 
Caucasians, 1.0% in Africans, and 0% in Asians [65]. The frequencies of CY P2C9*3 
are approximately 5.3—-10.5% in Caucasians, 0.5% in Africans, and 1.1—2.6% in 
Asians [65]. CYP2C9*5 [66] and CYP2C9*11 [67] have been associated with a 
marked reduction in CYP2C9 enzyme activity. CYP2C9*6 is a null allele with no 
CYP2C9 enzyme activity [68]. CYP2C9*5, CYP2C9*6, and CYP2C9*11 are 
found among African Americans. The frequencies of CYP2C9*5, CY P2C9*6, and 
CYP2C9*11 are 0.93%, 0.75%, and 1.5% in Africans, respectively [69]. 

CYP2C19 is involved in the metabolism of approximately 5—10% of clinically 
used drugs [70]. CYP2C19 is responsible for the metabolism of proton pump inhibi- 
tors, tricyclic antidepressants, selective serotonin reuptake inhibitors (SSRIs), ben- 
zodiazepines, and barbiturates [51]. To date, there are at least 35 variants of CY P2C19 
being studied [71]. Common CYP2C/9 alleles are described in Table 7.2. The poly- 
morphisms of CYP2C19 affect CYP2C19 activity and result in PM, IM, EM, and 
UM. CYP2C19*1 metabolizes drugs normally, and individuals with an EM pheno- 
type carry two CYP2C19*1/ alleles. Individuals with a PM phenotype carry two loss- 
of-function alleles (e.g., CYP2C19*2, *3, *4, *5, *6, *7, *8, *9, and */O) [72]. 
Individuals with an IM phenotype carry one loss-of-function allele [72]. It was also 
reported that CYP2C19*8, *9, and *10 exhibited reduced catalytic activity com- 
pared with CYP2C19*1 [73]. CYP2C19*/7 leads to increased gene transcription 
and therefore results in the UM phenotype [74]. However, it was also reported that 
assignment of heterozygosity and homozygosity for CYP2C19*17 as EM rather 
than UM is adequate [75]. CYP2C19*2 and *3 account for approximately 87% of 
PM in Caucasians and 99% of PM in Asians [76]. Approximately 1—6% of 
Caucasians, 1-7.5% of Africans, and 12—23% of Asians are PM of CYP2C19 [51]. 


7.3.4 DRD2 (Dopamine D2 Receptor) 


Dopamine D2 receptor (DRD2) is targeted by most antipsychotic drugs and is a key 
receptor that mediates dopamine-associated brain functions [77]. Many polymor- 
phisms have been identified in the DRD2 gene [78, 79]. The Glu713Lys, also called 
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“Taql A,’ polymorphism is the most investigated polymorphism of the ANKK/ 
gene. The TaqlA polymorphism is located 10 kb downstream from the DRD2 gene 
and in exon 8 of the ANKKI// gene. The A1 allele of the TaqlA polymorphism 
causes a reduced number of dopamine binding sites in the brain [80]. The TaqlA 
polymorphism was related to response to DRD2 antagonists [81, 82] and addictive 
behaviors, including alcoholism [83, 84], cocaine [85], and opioid dependence [86]. 
However, it was also reported that there was no significant difference between 
TaqlA polymorphism and response to antipsychotic drugs by meta-analysis [87]. 
The —141C Ins/Del polymorphism is located in the 5’-flanking region of the DRD2 
gene [88]. Del allele carriers are significantly associated with poorer antipsychotic 
drug response compared with the Ins/Ins genotype by meta-analysis [87]. 


7.3.5 COMT (Catechol-O-Methyltransferase) 


Catechol-O-methyltransferase (COMT) is an enzyme involved in the degradation of 
adrenaline, noradrenaline, and dopamine [89] and is the most important regulator of 
prefrontal dopamine function [90]. Many polymorphisms have been identified in the 
COMT gene [91]. rs4633 (C/T) is a synonymous variation at codon 62. rs4680 (G/A, 
Val158Met) is a functional polymorphism in the COMT gene. rs4633 and rs4680 
were found to be in high linkage disequilibrium with each other and associated with 
a response to risperidone in schizophrenia patients [92]. We evaluated the influence 
of two COMT polymorphisms, rs4633 and rs4680, on catecholamine levels in cere- 
brospinal fluid (CSF) from autopsy cases of methamphetamine (MA) abusers and 
fatal psychotropic drug intoxication cases. Overall, three catecholamines (adrena- 
line, noradrenaline, and dopamine) were examined, but we found that only dopa- 
mine levels were affected by both COMT polymorphisms in MA abusers (Table 7.3) 
[93]. rs4633 T allele (CT and TT) carriers had significantly higher CSF dopamine 
levels than CC genotype carriers among MA abusers. Similarly, rs4680 A allele (GA 
and AA) carriers had significantly higher CSF dopamine levels than CC genotype 
carriers. T-A haplotype (C-G/T-A and T-A/T-A) carriers had significantly higher 
CSF dopamine levels than C-G/C-G haplotype carriers. The activity of the Met ver- 
sion (A at rs4680) of the COMT enzyme decreased by approximately 35-50% [94, 


Table 7.3 Comparisons of CSF catecholamine concentrations between different genotype groups 
in forensic autopsy cases of methamphetamine abusers and fatal psychotropic drug intoxication 
cases 

Adrenaline | Noradrenaline | Dopamine 


Methamphetamine abusers 


rs4633 ns ns Significantly higher in T allele carriers 
rs4680 ns ns Significantly higher in A allele carriers 
rs4633-rs4680 | ns ns Significantly higher in T-A haplotype carriers 


Fatal psychotropic drug intoxication cases 
rs4680 ns ns ns 


ns no significant difference 
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95]. MA induces extremely high CSF dopamine levels and the Met version of 
COMT has lower COMT enzymatic activity, leading to higher dopamine levels. 
Continued high CSF dopamine levels may increase MA toxicity. Individuals with 
the Met version of COMT are likely highly sensitive to MA. 


7.4 Conclusion 


DNA is a relatively stable molecule and can be stably preserved for thousands of 
years in certain circumstances. The DNA of each individual is completely unique, 
with the exception of identical twins. Therefore, DNA analysis is useful for forensic 
casework. DNA profiling is the ultimate method for identification of individuals in 
criminal investigations, identification of missing persons and human remains, and 
kinship analysis. In cell-based research, DNA profiling helps ensure the identity and 
quality of human cell lines. It is important to perform cell line authentication to 
check for cross-contamination or misidentification of cell cultures. 

The influence of drugs differs widely among individuals, and there are a number 
of studies on polymorphisms and mutations that influence inter-individual variabil- 
ity in drug response. Cause of death should be comprehensively diagnosed from 
various findings. In forensic autopsy cases with suspected drug intoxication, the 
individual genetic background should be considered in addition to the toxicological, 
pathological, and biochemical findings. 
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Chapter 8 | 
Animal Experiments in Forensic Science gee 


Dong Zhao 


Abstract Animal experimentation has a long history, and with the continuous 
development of modern medicine, more and more animal experimental models are 
being used in biomedical research and so as in forensic medicine. Forensic animal 
experiments use animals to simulate trauma, poisoning, and other unnatural deaths 
and observe their various reactions and patterns. Animal experiments in forensic 
medicine do not simply emphasize experimental results, but their ultimate aim is the 
application to actual forensic cases. Besides traditional morphological observations 
of macro-/micro-autopsy findings, molecular pathology (a discipline of life science) 
has been adopted to identify molecules of DNA or RNA in biological samples in 
cases related to the human death, presenting its increasing importance in forensic 
medicine. It uses theories and methods from immunology, biology, biochemistry, 
molecular biology, and genetics to identify the quantity and quality of molecular 
markers of biological samples regarding of pathological diagnosis of death. Recent 
researches on the use of RNA in forensic medicine have achieved great progress. 
Examples include the use of RNA to estimate the time of death, as well as the time 
of wound and scar formation. Of more importance, RNA examination can be poten- 
tially useful in the diagnosis of the functional status of cells or organs, attracting 
extensive attention in forensic science fields, and many such studies are currently 
ongoing. Hereby, typical RNA researches on factors (such as HIF family) involved 
in hypoxia signaling pathway are summarized in regard of evaluation of tissue isch- 
emia/hypoxia in forensic medicine, in order to throw light on importance of molec- 
ular pathology in death investigation. 
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8.1 Experimental Zoology 


8.1.1 Development of Zoology Experiments 


Animal experimentation has a long history, and the earliest written records can be 
traced to the third and fourth centuries BC, when the ancient Greek philosopher 
Aristotle sought to understand the intrinsic differences between animals through 
dissection. Subsequently, scientists such as William Harvey, Robert Koch, Louis 
Pasteur, and Ivan Pavlov laid the foundations of modern medicine through animal 
experimentation. Since the twentieth century, with the continuous development of 
modern medicine, more and more animal experimental models are being used in 
biomedical research. Laboratory animals are used as substitutes for humans in 
safety and efficacy testing and are crucial for the development of the life sciences 
and for new achievements in basic research. With the rapid development of science 
and technology, the quantity and variety of laboratory animals and animal models 
are also rapidly increasing. A total of 200 types of 26,000 laboratory animal strains 
exist worldwide, of which 2607 are routine laboratory strains (Table 8.1). Continuous 
research using laboratory animals has played an immeasurable role in the develop- 
ment of the life sciences [1-3]. 


8.1.2 Moral and Ethical Issues with Zoology Experiments 


Animal experiments are a driver of development and improvement in biomedical 
technology and support scientific research. The aim of medical research is to main- 
tain and promote human health. Therefore, the crucial difference between medical 
disciplines and the research activities of other disciplines is that medicine directly 
or indirectly serves human life and health. Regardless of the awareness of medical 


Table 8.1 Total number of animals used across three time phrases from 1997 to 2012 in the USA 
Phase 1 (1997~2003) | Phase 2 (2000~2008) | Phase 3 (2008~2012) 


All vertebrates 1,566,994 2,549,777 2,705,772 
Amphibians and reptiles 16,133 10,089 51,889 
Birds 2837 6355 6326 
Cats 326 209 138 
Dogs 657 548 620 
Farm animals 1321 4960 5477 
Fish 213,028 437,956 430,858 
Mice 1,155,012 1,791,082 1 886,757 
Nonhuman primates 7292 10,262 11,167 
Rats 61,672 48,673 76,072 
Miscellaneous mammals 7256 6419 13,473 


Refer to Goodman et al. [2] 
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research staff, all medical research activities will ultimately undergo ethical tests 
based on the moral compass of humans. Animals should be given equal rights to 
humans, 1.e., they have the right to survive, and should be viewed as living moral 
entities. Medical researchers should also apply humanistic and moral care to nonhu- 
man animals, treat them well, and respect their lives during the course of experi- 
ments. Therefore, only when science has acknowledged the value of animal 
experiments by enacting a scientifically rigorous attitude toward the treatment of 
animals, understanding the irreplaceability of animal experiments, and treating lab- 
oratory animals well can we better develop medical research and promote the har- 
monious development of humans and animals [4, 5]. 


8.1.3 Forensic Experiments 


Animal experiments have been crucial for the development of forensic medicine. 
Forensic animal experiments use animals to simulate trauma, poisoning, and other 
unnatural deaths and observe their various reactions and patterns. Animal experi- 
ments in forensic medicine do not simply emphasize experimental results, but their 
ultimate aim is application to actual forensic cases. As modern material evidence is 
inseparable from scientific principles, it 1s considered scientific evidence. This is 
because the scientific principles on which material evidence is based have withstood 
continuous objections and are believed to be scientific fact without doubt because of 
the popularization of science. Therefore, material evidence does not need to be 
proven in the judicial system. This is why historically contentious forms of scien- 
tific evidence, such as photographs and X-rays, are freely accepted evidence in 
today’s courts. Forensic medicine is a scientific discipline, and the results can 
improve the judicial system, build up the instrumental knowledge of the judge (and 
other legal staff) in verifying facts, and improve the judge’s concept of justice, 
thereby promoting justice. 

Forensic genetics uses material evidence as a study subject with the goal of pro- 
viding scientific evidence. Forensic genetics is a discipline in which life science 
technology is used to identify biological samples in cases related to the human 
body. Forensic genetics is a branch of forensic science, and its research areas belong 
to the testing of material evidence in forensic medicine, which is an important con- 
tent in forensic medicine. It uses theories and methods from immunology, biology, 
biochemistry, molecular biology, and genetics to identify the type, species, and indi- 
vidual sources of biological samples. Its basic testing methods were initially DNA 
fingerprinting and profiling based on restriction fragment length polymorphisms 
and later developed to include variable number of tandem repeats-polymerase chain 
reaction (PCR), short tandem repeat-PCR, minisatellite variant repeat mapping- 
PCR, mitochondrial DNA sequencing technology, and the DNA typing of expressed 
molecular markers, including ABO blood antigens, MN, GC, and human leukocyte 
antigens. In recent years, research on the use of RNA in forensic medicine has 
achieved great progress. Examples include the use of RNA to estimate the time of 
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death, as well as the time of wound and scar formation. RNA can also be used to 
replace conventional serology tests to confirm bodily fluid type and expand the test 
range. In addition, it can be used to assist in the diagnosis of the functional status of 
cells or organs. Currently, RNA research is attracting extensive attention world- 
wide, and many studies are currently underway [6-8]. 


8.2 Ischemia and Hypoxia in Tissues and Organs 


8.2.1 Brief Description of Ischemia and Hypoxia in Tissues 
and Cells 


Ischemia refers to the lack of local arterial blood supply in cells and tissues and can 
lead to defects in nutrient and oxygen supply. The former is termed malnutrition, 
while the latter is termed hypoxia. In hypoxia, either cells cannot obtain sufficient 
oxygen, or their oxygen utilization is defective. Cellular ischemia and hypoxia 
inhibits oxidative phosphorylation in the mitochondria, reduces ATP synthesis, and 
activates phosphofructokinase and phosphorylases. This causes sodium-potassium 
and calcium pump dysfunction on the cell membrane and the intracellular accumu- 
lation of sodium, calcium, and water. This leads to defects in the synthesis of cyto- 
plasmic proteins and lipid efflux, increases in anaerobic glycolysis and cellular 
acidosis, rupture of the lysosomal membranes, and DNA damage. 

Ischemia and hypoxia can also lead to increases in reactive oxygen species, caus- 
ing lipid disintegration and destruction of the cytoskeleton. Mild and short-term 
hypoxia can cause cellular edema and lipid changes, while severe and continuous 
hypoxia leads to cellular necrosis. Under some circumstances, the recovery of blood 
flow after ischemia leads to the peroxidation of surviving tissues, which aggravates 
tissue injury, and is termed ischemia-reperfusion injury. As cardiomyocytes and 
brain cells are more sensitive to ischemia and hypoxia, ischemia-reperfusion inju- 
ries are mainly caused by myocardial infarction, cerebral infarction, and hypovole- 
mic shock. Ischemia-reperfusion injuries in other tissues and organs, such as the 
kidneys, liver, lungs, gastrointestinal tract, and skeletal muscles have also attracted 
the attention of medical researchers [9, 10]. 


8.2.2 Hypoxia-Inducible Factors 


The oxygen concentration in organisms is tightly regulated. When the oxygen sup- 
ply is reduced and there is disequilibrium in oxygen consumption, tissue hypoxia 
occurs, resulting in many physiological and pathological responses. Mammalian 
cells contain a class of transcription factors that mediate adaptive responses to 
hypoxia by activating the expression of hypoxic response genes, which maintain 
oxygen homeostasis under hypoxic conditions. These transcription factors are 
termed hypoxia-inducible factors (HIFs). The first of these, HIF-1, was discovered 
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in 1992; HIF-2 and HIF-3 were subsequently discovered in 1997 and 1998, respec- 
tively. Currently, it is believed that there might be a HIF family in the body. 


8.2.2.1 Members of the HIF Family 


The known members of the HIF family (HIF-1, HIF-2, and HIF-3) have the follow- 
ing common characteristics: (1) They contain a and B subunits belonging to the 
basic helix-loop-helix (bHLH)-per-ARNT-AHR-Sim (PAS) superfamily, which 
includes a variety of heterodimeric transcription factors. The œ subunits (HIF-1a, 
HIF-20, and HIF-3a) are the main functional subunits involved in hypoxic regula- 
tion, while the HIF-18 subunit is not sensitive to hypoxia. (2) Their transcription, 
translation, and activation are induced by hypoxia, and the physiological or patho- 
logical responses mediated by HIFs depend on their binding to hypoxia response 
elements (HREs) on target genes, regulating their expression. 


8.2.2.2 Effector Mechanisms of HIFs 


HIF-1la is widely expressed in many tissues, while HIF-2a and HIF-3a are only 
expressed in certain tissues. An in vitro comparison of HIF-la and HIF-2« demon- 
strated many similarities in terms of gene composition, protein structure, protein 
stability under hypoxic conditions, heterodimer formation with HIF-16, DNA rec- 
ognition, DNA binding, and reporter gene transactivation. In vivo and in vitro 
experiments demonstrate that the expression of the three subunits show partial over- 
lap. Therefore, HIF-2œ and HIF-3a may interact with the DNA binding sites of 
HIF-1a target genes. 

The HIF transcription factors include two subunits, the œ subunit that is regulated 
by hypoxia (HIF-la, HIF-2a, HIF-30) and the 6 subunit that is not sensitive to 
hypoxia (also known as ARNT). Under normoxic conditions, the HIF-1a subunit is 
expressed and rapidly degraded, ensuring no accumulation of HIF proteins. 
However, under hypoxic conditions, the degradation of the a subunit is inhibited. 
This results in the nuclear accumulation of HIF-1a, which binds to the P subunit and 
recognizes HREs on the promoter regions of target genes that respond to hypoxia. 
Under normoxic conditions, HIF-1o degradation occurs after transcription. 


8.2.2.3 HIF-1 


Currently, HIF-1 is the most studied HIF, and it has extensive functions, which are 
achieved by mediating a series of responses that enable cells to adapt to hypoxic 
environments. Under hypoxic conditions, HIF-1œ can regulate the expression of 
more than 100 downstream genes, which participate in erythropoiesis, angiogen- 
esis, regulation of cellular metabolism and survival, and apoptosis, and maintain 
the stability of the internal expression in tissues and cells under hypoxic 
conditions. 


128 D. Zhao 


Target Genes Regulated by HIF-1 


Studies have confirmed nearly 50 HIF-1 target genes to date. These genes can be 
generally classified into the following categories: 


1. Regulation of the hematological system (e.g., erythropoietin, ceruloplasmin, 
transferrin, transferrin receptor, glucose transporter 1 (GLUT-1), glucose trans- 
porter 3 (GLUT-3), vascular endothelial growth factor (VEGF), heme oxygenase 
1, and aminopeptidase A) 

2. Regulation of collagen synthesis (e.g., prolyl hydroxylases, collagen type 
V al) 

3. Regulation of cell growth and apoptosis (e.g., N1P3; p21; VEGF; glutamine 
aminotransferase 2; N1X; adenylate kinase 3; p53; ETS1; DEC]; insulin-like 
growth factor (IGF) 2; IGF-binding proteins 1, 2, and 3; transforming growth 
factor a; and transforming growth factor B3) 

4. Participation in glycolysis (e.g., phosphofructokinase L, aldolase C) 


Study of HIF-1 in Different Tissues and Organs 


(1) Myocardial tissues: HIF-1 plays an important role in myocardial ischemic 
preconditioning. For example, HIF-1 can promote local angiogenesis in ischemic 
myocardium (by binding to the VEGF promoter and inducing its expression), 
improve energy metabolism in ischemic cardiomyocytes (by regulating GLUT-1, 
GLUT-4, and other target genes to maintain the equilibrium between aerobic glu- 
cose metabolism and anaerobic glycolysis), and exert anti-apoptotic effects in 
hypoxic myocardium (by inducing the expression of anti-apoptotic proteins such 
as Bcl-2). (2) Brain tissues: When the brain is under ischemia and hypoxia, 
HIF-1œ expression is increased to regulate the expression of downstream genes, 
which is important to resolve energy metabolism defects and establish microcir- 
culation after cerebral ischemia. Studies have showed that the neuroregenerative 
ability of neural stem-progenitor cells (NSPCs) can promote the targeted recovery 
of neurological functions, and this has attracted much attention. HIF-1œ mediates 
the proliferation and differentiation of NSPCs through the Notch and Wnt/p- 
catenin pathways. (3) Renal tissues: During hypoxia in renal tissues, HIF-la 
expression may stimulate VEGF expression and promote angiogenesis to acceler- 
ate the provision of oxygen and blood perfusion to ischemic tissues, thereby pro- 
moting recovery from renal ischemia. Studies have showed that the downstream 
products activated by HIF-la, such as VEGF, are long-lasting. In tumor tissues, 
HIF-1& expression and revascularization are significantly correlated. (4) Skeletal 
muscles: Similarly, studies have showed that physiological ischemia in the skel- 
etal muscles can promote HIF-1« expression in ischemic skeletal muscles to regu- 
late the expression of downstream VEGF and GUL-1, and their secretion to the 
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peripheral blood, promoting metabolism and angiogenesis in ischemic tissues and 
organs. 


8.2.2.4 HIF-2 


HIF-2 was discovered in 1997 and is expressed mainly in endothelial cells. Recently, 
several studies have demonstrated that HIF-2« is an important factor in hypoxic 
regulation. First, HIF2 can maintain low hemoglobin concentrations in Tibetans, 
playing an important role in their adaptation to a hypoxic environment. Secondly, 
HIF-2« plays important roles in iron metabolism, erythropoiesis, and other physi- 
ological functions and is associated with the development of some diseases. 


HIF-2 Distribution and Target Genes 


HIF-2« has different expression levels in different tissues and is mainly distributed 
in cells with abundant blood supply, such as endothelial cells and fetal lung fibro- 
blasts, while showing low expression in leukocytes. HIF-2a target genes are 
involved in fetal lung maturation, tumor angiogenesis, iron metabolism, and liver 
growth, and HIF-2« mainly elicits its effects by binding to HREs in the promoters 
and enhancers of target genes. 


Study of HIF-2 in Different Tissues and Organs 


(1) Fetal lung maturation: HIF-2« can promote fetal lung maturation. Respiratory 
distress syndrome is a common and serious complication in premature babies and is 
mainly due to the reduced production of alveolar surfactant. Animal studies have 
shown that HIF-2a-deficient neonatal mice cannot produce sufficient surfactant 
from type II alveolar cells and develop severe respiratory distress syndrome. These 
mice also display decreased VEGF levels. Intravenous administration of VEGF 
after delivery can stimulate the conversion of glycogen to surfactant and prevent the 
occurrence of respiratory distress syndrome. (2) Liver growth: The liver plays 
important roles in metabolism, detoxification, digestion, and maintenance of inter- 
nal homeostasis. Studies in a zebrafish embryo model demonstrated that HIF-20 
deficiency can inhibit liver growth and that HIF-2« regulates hepatocyte prolifera- 
tion during liver development. In addition, HIF-2a deficiency decreased the expres- 
sion of liver-enriched gene 1 (leg1), which encodes a secretory protein necessary for 
liver growth. (3) Others: Recently, it was discovered that certain mutations in the 
gene encoding HIF-2a play important roles in the development of hypoxic pulmo- 
nary hypertension. In addition, HIF-2a was found to be associated with rheumatoid 
arthritis, cancer, chronic obstructive pulmonary disease, and other diseases. 
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8.2.2.5 HIF-3 


Compared with HIF-1œ and HIF-2a, research on HIF-3a is relatively scarce. HIF-3a 
is believed to be a negative regulator of HIF-la and HIF-2a. It has multiple splice 
variants and therefore may participate in many physiological functions. Recent 
studies have demonstrated that human HIF-3a has six splice variants, each with a 
different structure and different roles. It is worth noting that HIF-3a4 is a negative 
regulator of the HIF signaling pathway and is more distinct than the other splice 
variants. Studies also suggest that HIF-3a shows functional diversity. Besides par- 
ticipating in responses to hypoxic stress, HIF-3a also participates in other physio- 
logical processes in the body, different from HIF-la and HIF-2«. For example, 
HIF-3« participates in the differentiation and development of tissues and organs, as 
well as in glucose metabolism [11—15]. 


8.2.3 Relationship Between Research on Tissue Ischemia 
and Hypoxia and Forensic Medicine 


In forensic medicine, confirmation of the cause of death has important significance. 
In both criminal and civil cases, analysis of death is a duty of forensic scientists. The 
ultimate aim of cause of death analysis is to analyze the primary and secondary 
ranking of various factors during death, their various causal relationships, and their 
“degree of participation.” The identification of the cause of death is relatively clear 
in some cases, enabling easy, accurate assessment. However, some cases lack spe- 
cific markers, and it is therefore difficult to make a clear diagnosis of death, such as 
in sudden cardiac death, anaphylactic shock, and electric shock without external 
marks. 

In the past, forensic genetics has focused on DNA, particularly evidence 
gained using molecular biology methods. However, the rapid in vitro decay of 
cadaveric RNA has attracted many forensic scientists to start investigating this 
area, particularly because the functional mechanisms involved in death occur rap- 
idly and usually do not produce any visible changes in morphology. In the last 
few years, several studies have been performed on the HIF family, particularly 
HIF-1. This has resulted in HIF-1 effector mechanisms being the most thoroughly 
understood, and its research significance and research value have good applica- 
tion prospects. Therefore, when conventional microscopy examinations are 
unable to detect tissue and organ damage, the expression of HIF-1a and its down- 
stream target genes in different tissues and organs in the body can be used as 
evidence of ischemia and hypoxia in tissues and organs. The detection and analy- 
sis of these factors has important significance in the confirmation of time of death 
in forensic practice. 
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The use of animal experiments to simulate ischemia and hypoxia in human tissues 
has been reported in medical research. This section focuses on the actual problems 
in forensic medicine and discusses two basic theoretical models: local ischemia and 
hypoxia in tissues and organs (myocardial ischemia and hypoxia) and systemic 
ischemia and hypoxia. 


8.3.1 HIF-I Expression in Rat Myocardium After Ischemia 
and Hypoxia 


8.3.1.1 Establishment of Animal Models for Myocardial Ischemia 
and Hypoxia 


Occlusion of the left anterior descending coronary artery (LAD) causes acute myo- 
cardial ischemia, and administration of different ischemic preconditioning dura- 
tions is a commonly used experimental method to simulate human ischemia and 
hypoxia. 


8.3.1.2 Laboratory Animals and Groups 


A total of 63 healthy adult male Sprague Dawley (SD) rats, weighing 280-300 g, 
were used. After acclimatization for 1 week, the rats were randomized into seven 
groups of nine. Among these groups, six were experimental myocardial ischemia 
groups (with ischemia durations of 15 min, 30 min, 1 h, 2 h, 3 h, and 6 h), and one 
group served as a normal control group. Rats in the normal group were euthanized 
using cervical dislocation, and 30 mg/kg sodium pentobarbital was given as intra- 
peritoneal anesthesia before euthanasia. 


8.3.1.3 Generation of Rat Myocardial Ischemia Animal Models 


A combination of 2% sodium pentobarbital (40 mg/kg) and 1% atropine (20 pg/kg) 
was administered by intraperitoneal injection for anesthesia, and animals were con- 
nected to the PowerLab data acquisition and analysis system. The standard lead II 
was used for 5 min of preoperative monitoring and the tracheal tube was connected 
to the small animal ventilator. A longitudinal incision was made in the skin 0.7 cm 
from the sternum. Blunt dissection was used to separate the chest muscles, and the 
third and fourth ribs were cut to allow access to the thoracic cavity. The pericardium 


132 D. Zhao 


was removed to expose the heart and a needle was inserted at the left atrial append- 
age that exits the pulmonary artery to ligate the LAD coronary artery. ST-segment 
elevation was used as a standard for electrocardiogram (ECG) monitoring. The 
ECG was monitored every 30 min for 5 min (the 15 min and 30 min groups were 
monitored throughout the process). The chest was closed to restore negative pres- 
sure in the thoracic cavity, and the muscles and skins were sutured layer by layer. A 
postoperative drainage tube was retained. Rats in the normal group were not sub- 
jected to any surgical procedure and were euthanized using cervical dislocation. 
Sodium pentobarbital (30 mg/kg) was administered as intraperitoneal anesthesia 
before euthanasia. 


8.3.1.4 Immunohistochemical Staining and Western Blotting to Detect 
HIF-1 Protein Expression 


Immunohistochemical staining: Rat myocardia were extracted, fixed with 4% para- 
formaldehyde, rinsed with water, dehydrated, cleared, and embedded in paraffin. The 
sections were then attached to slides pretreated with 3-aminopropyl-triethoxysilane 
(APES). The sections were dewaxed and rehydrated before hematoxylin staining for 
3 min. After differentiation using 1% hydrochloric acid-ethanol, the sections were 
washed with tap water for 30 min to produce the blue stain. Subsequently, the sec- 
tions were stained with 1% eosin for 1 min and washed with distilled water. An etha- 
nol gradient was used for dehydration, xylene as a clearing agent, and the sections 
were sealed in neutral resin. For dewaxing and hydration of paraffin sections, the 
sections were incubated in 3% hydrogen peroxide for 10 min to eliminate endoge- 
nous peroxidase activity. Blocking was performed by incubation with goat serum 
working solution for 10 min. Mouse anti-rat HIF-1a monoclonal antibody was added 
(1:200) and incubated at 4 °C overnight. Further, biotin-labeled goat anti-mouse IgG 
was added, and the sections were incubated for 10 min. Following that, horseradish 
peroxidase-labeled streptavidin working solution was added, and the sections were 
incubated for 10 min. Sections were stained with 3,3’-diaminobenzidine (DAB) 
before nuclei staining, dehydration, clearing, and sealing. 

Western blotting: Ischemic myocardial tissues were collected (100 mg), and pro- 
tein lysis buffer was added. Ultrasonic homogenization was performed, followed by 
centrifugation. The supernatant was collected and bicinchoninic acid was used to 
quantitate the protein concentration. Gels were cast, followed by protein denatur- 
ation, sample loading, electrophoresis, transfer, and blocking. Membranes were incu- 
bated with mouse anti-rat HIF-la monoclonal antibody (1:200) at 4 °C overnight, 
followed by incubation with horseradish peroxidase-labeled goat anti-mouse IgG 
(1:1000) for 2 h. Enhanced chemiluminescence solution was used for detection. 

Immunohistochemical sections were analyzed using the Image-Pro Plus 6.0 
image analysis system (USA Media Cybernetics, Inc.). Nine random fields were 
selected for each section under the microscope (100x magnification) to calculate the 
integral optical density. For Western blotting, standard molecular weight markers 
were used to identify the target region of 120-130 kDa. The size and intensity of 
that band were analyzed at various time points using average optical density. 
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8.3.1.5 Reverse Transcription (RT)-PCR for Quantitation of Relative 
HIF-1 mRNA Levels 


TRIzol solution was used to extract total myocardial RNA and RT was performed 
according to the manufacturer’s instructions. A UV spectrophotometer was used 
to evaluate RNA purity by assaying the A260/A280 ratio. The cDNA synthe- 
sized from reverse transcription was stored at —20 °C. For HIF-la, the upstream 
and downstream primers were 5’-TGCTCATCAGTTGCCACTTC-3’ and 
5'-CATGGTCACATGGATGGGTA-3’. The length of the amplicon was 305 bp. 
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal ref- 
erence gene; the length of its amplicon was 452 bp. PCR samples contained the fol- 
lowing: 5 uL 10x PCR buffer, 1 L 10 pmol/L deoxynucleotides, 1 L 10 pmol/L 
upstream primer, 1 uL 10 umol/L downstream primer, 5 U TaqDNA enzyme (BBI Co., 
Ltd), 2 uL first strand HIF-la cDNA, and ddH20 to a total volume of 50 uL. Cycling 
conditions were set as follows: denaturation at 94 °C for 5 min; 30 cycles of 45 s at 
94 °C, 40 s at 52 °C, and 40 s at 72 °C; and a final extension at 72 °C for 7 mins. 
GAPDH primers were added to each PCR tube after the 8th cycle. The Syngene image 
analysis system was used for densitometric analysis of the PCR products. The relative 
expression of HIF-la mRNA was calculated by dividing the integral grayscale value 
of the HIF-1a band by the integral grayscale value of the GAPDH band. 


8.3.1.6 Experimental Results 
Immunohistochemical Staining Results 


No HIF-1la expression was detected in rats in the normal control group. When 
phosphate-buffered saline was used to replace the primary antibody, no HIF-la 
expression was detected in the various negative control rat myocardia. After 15 min 
of ligation, weakly positive HIF-la expression could be observed in the ischemic 
endocardium. As the ischemia duration gradually increased, HIF-1a expression also 
increased (Table 8.2). In addition, HIF-1œ positive staining gradually expanded to 
the epicardium and reaches its peak after 3 h of ischemia. HIF-1œ expression was 
decreased after 6 h of ischemia but was still maintained at high levels (Fig. 8.1). 


Table 8.2 Changes of gray Groups IOD 

value of HIF-1a expression 

panewanciercatimne Control 27459.87 + 3532.13 
periods after myocardial 15 min of ischemia 42411.77 + 9547.58 
ischemia in rats ( X +s) 30 min of ischemia 56866.02 + 12169.56 


68513.91 + 15638.70 
99978.75 + 13952.57 
6 h of ischemia 90159.14 + 19898.87 
Du ZB, Mao RM, Gao WM, Mi L, Cao ZP, Zhu BL. [Early 


expression of hypoxia-inducible factor-1 alpha after acute myo- 
cardial ischemia in rats]. Fa Yi Xue Za Zhi. 2012;28(5):327—32 


1 h of ischemia 
3 h of ischemia 
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Fig. 8.1 (a) No positive staining of HIF-1« in the normal control group; (b) HIF-1a was slightly 
expressed in endocardium after 15 min of ischemia; (c) positive staining extended in endocardium 
after 30 min of ischemia; (d) positive staining gradually extended to the epicardial side after 1 h of 
ischemia; (e) HIF-1a was expressed in ischemic myocardium after 3 h of ischemia; (f) the expres- 
sion of HIF-1a was less than 3 h when after 6 h of ischemia. Du ZB, Mao RM, Gao WM, Mi L, 
Cao ZP, Zhu BL. Early expression of hypoxia-inducible factor-1 alpha after acute myocardial isch- 
emia in rats. Fa Yi Xue Za Zhi. 2012;28(5):327-32 


Western Blotting Results 


When GAPDH (relative molecular weight 36 kDa) was used as an internal refer- 
ence, no significant positive bands were seen in the normal control group. The 
changes in grayscale values of the positive bands in the various myocardial isch- 
emia groups showed regularity. The positive band appeared after 15 min of ischemia 
and gradually strengthened, reaching its peak after 3 h of ischemia. At 6 h of isch- 
emia, the band became lighter but was still maintained at high levels (Table 8.3, 
Fig. 8.2). 


8.3.1.7 Experimental Conclusions and Research Significance 


The results showed that after just 15 min of myocardial ischemia, HIF-1« increased, 
peaking at 3 h and starting to decrease at 6 h, while still maintaining high levels. The 
results of immunohistochemistry, Western blotting, and RT-PCR quantitation were 
generally consistent. After 15 mins of myocardial ischemia, HIF-1a expression first 
appeared in the endocardium of the ischemic left ventricle. This is due to the unique 
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Table in us ieee of Groups [n | Gray value 
eae eee _ Control 9 | 68444.77 
points after myocardial 15 min of ischemia [9 | 135.4 +9.29 
ischemia in rats ( x +s) 30 min of ischemia | 9 | 162.2 + 17.48 
1 h of ischemia 9 | 208.0 + 10.84 
3 h of ischemia 9 | 256.4 + 11.52 
6h of ischemia [9 | 233.4 + 9.40 
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Fig. 8.2 Results of Western blot of the expression of HIF-1œ at various time points at different 
time points after myocardial ischemia in rats. Du ZB, Mao RM, Gao WM, Mi L, Cao ZP, Zhu 
BL. Early expression of hypoxia-inducible factor-1 alpha after acute myocardial ischemia in rats. 
Fa Yi Xue Za Zhi. 2012;28(5):327-32 








blood supply provided by the coronary arteries to the myocardium, 1.e., one-to-one 
vertical blood supply, resulting in ischemia occurring first at the distal end of the 
occluded coronary artery (1.e., the endocardium). As ischemia duration increased, 
the area of ischemia continued to expand, and the area where HIF-1a was expressed 
also gradually increased. After 6 h of coronary artery ligation, positive staining of 
the subendocardial cardiomyocytes was decreased compared with after 3 h, and the 
positive staining expanded toward the epicardium. This may be because persistent 
occlusion of the coronary arterial blood supply causes the energy supply to the 
endocardium to be weakened, resulting in gradual endocardial necrosis. This 
decreases the ability of cardiomyocytes to express HIF-1a. The experimental results 
showed that HIF-1œ expression decreases in the ischemic myocardium after 6 h. 
This may be due to two reasons: First, as irreversible damage occurs in cardiomyo- 
cytes, their ability to express HIF-lo gradually decreases; secondly, the increased 
quantity and activity of factors downstream of HIF-la, such as VEGF and iNOS, 
may produce negative feedback that inhibits HIF-1a expression. 

In summary, when conventional microscopic examinations are unable to detect 
myocardial injury (especially when death occurs rapidly and no visible changes in 
morphology can be seen), HIF-1la expression in myocardial tissues can be used as 
an objective marker of early-stage myocardial ischemia. This has important signifi- 
cance in forensic investigations of the cause of deaths involving myocardial isch- 
emia and myocardial infarction [16, 17]. 
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8.3.2 Establishment of Rat Animal Models of Systemic 
Ischemia and Hypoxia 


8.3.2.1 Laboratory Animals and Groups 


Fifty healthy adult male SD rats, weighing 280-300 g, were used. After acclimatiza- 
tion for 1 week, the rats were randomized into ten groups of five rats each. Among 
these groups, nine were experimental and one was a normal control group. 


8.3.2.2 Establishment of Rat Animal Models of Systemic Ischemia 
and Hypoxia 


After rats were anesthetized by inhalation by 2% isoflurane delivered in 100% oxy- 
gen, the rats were laid in a supine position on the operating table, and the limbs were 
fixed by traction. A 1.5 cm longitudinal incision was made at the right groin, and a 
self-made hook was used to retract the skin. A cotton swab was used to push away 
the adipose tissues surrounding the thigh muscles and expose the neurovascular 
bundle containing the femoral artery, femoral vein, and femoral nerves. The femoral 
artery was carefully isolated under a microscope at 10x magnification, and blood 
was collected. The blood was withdrawn into a syringe until the volume reached 
24 ml/kg (ca.30% of whole blood), and then it was maintained for 60 or 120 min. 
Control rats were anesthetized and treated as unchallenged controls. Following the 
decapitation of rats, tissue specimens were collected. 


8.3.2.3 Tissue Sample Collection and RNA Extraction 


Tissue samples were collected from consistent sites in the heart (left ventricle), hip- 
pocampus of the brain, kidney, liver, lung (upper lobe), and skeletal muscle (fore- 
limb) of rats immediately after decapitation, then submerged in RNA stabilization 
solution (RNAlaterTM; Ambion, Austin, TX), and stored at 4 °C for less than 1 week 
until RNA extraction. Total RNA was isolated with ISOGEN (Nippon Gene, Toyama, 
Japan) according to the manufacturer’s instructions, treated with TURBO DNA- 
freeTM kit (AM1907; Ambion), measured by a NanoDrop 1000 Spectrophotometer 
(Thermo Fisher Scientific, Wilmington, DE), and stored at —80 °C until use. The 
quality of RNA extracts was assessed by electrophoresis in agarose gels stained with 
ethidium bromide to visualize 18S and 28S rRNA bands under UV illumination. 


8.3.2.4 TaqMan RT-PCR and Quantification of mRNA 


Quantification of mRNAs of VEGF, GLUT1, and GAPDH was performed by the 
TaqMan real-time RT-PCR system with inventory primers and probes purchased 
from Applied Biosystems (Foster City). TaqMan RT-PCR was performed using the 
High Capacity cDNA Reverse Transcription kit (4,368,814; Applied Biosystems) 
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and TaqMan Gene Expression Master Mix (4,369,016; Applied Biosystems) con- 
taining the same amount (45 ng) of total RNA extracts for each sample in a 20 ul 
PCR system on an ABI PRISM 7700 Sequence Detector (Applied Biosystems). The 
contents of the amplification mix and the thermal cycling conditions were set 
according to the accessory protocols. GAPDH housekeeping gene mRNA was used 
as endogenous references for relative quantification. 

According to the manufacturer’s instructions, purified RT-PCR products of 
VEGF, GLUT1, and GAPDH were used as samples to establish standard curves for 
absolute quantification of the mRNA copy number. The relative quantification of 
VEGF and GLUT1 was expressed as a ratio of the target normalized against an 
endogenous reference (GAPDH), and then ratios for fold change relative to a cali- 
brator sample were obtained. The calibrator was the mean value of each related 
sham-operating group. Relative quantification determines the changes in steady- 
state mRNA levels of genes across multiple samples and expresses it relative to the 
levels of GAPDH that was previously proved stable in tissue ischemia. GAPDH as 
a housekeeping gene is consistently expressed among the samples and can be coam- 
plified in the same tube in a multiplex assay. 


8.3.2.5 Experimental Results 


TaqMan Real-Time RT-PCR Standard Curves for Convenient Absolute 
Quantification 


Purified RT-PCR products of VEGF, GLUT1, and GAPDH mRNAs were used as 
standard samples to establish standard curves for quantification of the mRNA copy 
number and to determine the dynamic range of the real-time RT-PCR assays. Curves 
were generated by plotting the log of the starting quantity of the standard samples 
versus the threshold cycle values (CT). In the 20 mL real-time PCR system, 103 to 
108 template copies of each standard sample were added, amplified, and produced 
with variant CT values, which in theory negatively correlated with the originally 
added template copy number. All the standard curves constructed in this study were 
linear over five orders of magnitude with regression coefficients over 0.99. Two 
replicates were performed for each standard curve point. Electrophoresis of the 
RT-PCR products of total RNA validated the specificity of amplicons. 


Tissue-Dependent mRNA Abundance Measured with Absolute Quantification 


Based on the mRNA copy number absolutely quantified with the standard curve 
method in the sham control group, VEGF and GLUT! mRNAs show variant abun- 
dances in the tissue-specific RNA pools. In respect of the tissue-specific expression 
level for each gene, VEGF was highest in the lung and lowest in the liver and mus- 
cle; GLUT1 was highest in the hippocampus and lowest in the muscle. The range of 
tissue-dependent dynamic changes in GLUTI was much greater (>100 folds) than 
VEGF. 
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Fig. 8.3 Relative mRNA quantitation normalized against GAPDH in respect of hemorrhage. Fold 
changes of mRNA induction for VEGF and GLUT1 relative quantitations, compared to the sham 
control. Refer to Zhao et al. [18] 


Profiling of mRNA Induction Under Hemorrhage 


Compared to the sham control, under the hemorrhage condition, based on the rela- 
tive quantification normalized against GAPDH, VEGF showed a 2.0- and 2.2-fold 
increase in the muscle after 1 and 2 h of hemorrhage, respectively; GLUT1 showed 
modest induction in the kidney (1.5-fold) and liver (1.9-fold), respectively, after 2-h 
hemorrhage (Fig. 8.3). 


8.3.2.6 Experimental Conclusions and Significance of the Study 


With regard to the relative quantification of these hypoxia response factors nor- 
malized against GAPDH, both VEGF and GLUT1 showed mRNA induction 
under hemorrhage-mediated tissue hypoxia, and this induction is characterized by 
tissue-dependency. In our study, VEGF and GLUT 1 showed significant induction 
in all types of tissue samples, suggesting that it is a potentially good marker for 
practical applications in human autopsy cases. Although VEGF showed little 
changes in most samples, evidential increase was found in the skeletal muscle. 
GLUT1 mRNA also showed a modest increase in the skeletal muscle due to 
hemorrhage. 

Gene- and tissue-specific VEGF and GLUT! mRNA induction patterns were 
revealed, which shed light on the selection guide of mRNA markers and tissue 
samples for diagnostic applications of quantitative mRNA analysis in patho- 
logical changes related to tissue ischemia and cellular hypoxia in forensic 
autopsy [18]. 
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8.4 Evaluation of Tissue Ischemia and Cellular Hypoxia 


The results of the above experiments demonstrate that HIF-1 and some of its down- 
stream target genes are expressed in two classical animal models during early isch- 
emia and hypoxia in tissues and organs, thereby demonstrating good research 
prospects. However, there are some differences between animal and human tissues. 
Therefore, the varied patterns of HIF-1 expression in human tissues and organs 
under ischemia and hypoxia deserve further study. 


8.4.1 Tissue-Specific Differences in mRNA Quantification 
of GLUT-1 and VEGF with Special Regard to Death 
Investigations of Fatal Injuries 


Mammalian cells express multiple gene products in response to tissue hypoxia and 
ischemia, including hypoxia-inducible factor 1 (HIF-1) and downstream factors such 
as vascular endothelial growth factor (VEGF) and glucose transporter 1 (GLUT1), 
which collectively maintain cellular metabolic adaptation to decreased oxygen avail- 
ability. Therefore, quantitative analysis of oxygen-regulated factors in autopsy mate- 
rials may be helpful for investigating pathophysiological changes leading to death. 


8.4.1.1 Materials 


Serial medicolegal autopsy cases within 48 h postmortem in specific institute: total, 
n = 119; 85 males and 34 females; 19—90 (median, 62.5) years of age (Table 8.4). 
Based on routine macromorphological, micropathological, biochemical, and toxico- 
logical findings, the causes of death were classified as fatal blunt injury (n = 71), sharp 
instrument injury (n = 18), asphyxia (strangulation/hanging, n = 12), and acute myo- 
cardial infarction/ischemia (AMI, n = 18). For these groups, clearly accountable cases 
were collected, excluding cases involving complications that may have influenced the 
process of death, and also cases having evident pathological renal disorders and/or 
blood urea nitrogen (BUN) more than 50 mg/dL. The AMI group included cases with- 
out any morphological or toxicological evidence of cause of death other than a cardiac 
attack. Tissue specimens were taken from consistent sites without injury or other 
pathology in the lung (upper lobe), kidney (cortex), and skeletal muscle (Sartorius) on 
both the left and right sides during autopsy, then immediately submerged in 1 mL of 
RNA stabilization solution (RNAlater[M, Ambion, Austin), and stored at 4 °C for 
less than | week until RNA extraction. Total RNA was isolated with ISOGEN (Nippon 
Gene, Toyama) according to the manufacturer’s instructions and stored at —80 °C 
until use. The extraction yield was quantified spectrophotometrically, and the quality 
of total RNA was assessed by electrophoresis in agarose gels stained with ethidium 
bromide. 18S and 28S rRNA bands were visualized under UV illumination. 
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Table 8.4 Case profiles (n = 119; male/female = 85/34) 


Male/ Age (year) ST (h) PMI (h) 
Cause of death n | female Range | Median | Range | Median | Range | Median 
Asphyxia 12 | 6/6 30-67 | 50.5 <0.5 |- 19-34 | 26.7 
AMI 18 | 14/4 30-77 | 62.0 <0.5 |- 9—40 |20 
I-B-acute death (ST < 1 h) 
Without head injury 17 | 12/5 21—60 | 55.0 <0.5 |- 8—38 |23 
With head injury 22 | 18/4 24-85 | 53.0 <0.5 |- 7-38 |18 
I-B-subacute death (1 h < ST < 24h) 
Without head injury 15 | 9/6 19-90 | 58.0 1-24 |3.5 8—28 | 20 
With head injury 8 | 7/1 48-90 | 72.0 6-24 | 12.0 7-31 | 20 
I-B-delayed death (24 h < ST < 1 week) 
Without head injury 0 | - = = — — — — 
With head injury 9 | 6/3 32-75 | 52.0 36- 96.0 7-29 |12 

186 

I-S-acute death (ST< 1h) | 11) 6/5 19-75 | 48.0 <0.5 |- 9-30 |14 
I-S-subacute death Fag 34-75 | 55.0 1-6 4 8-30 |20 


(1h<ST <24h) 


Refer to Zhao et al. [19] 

ST estimated survival time from fatal insult to death; PMI estimated postmortem interval from 
death to autopsy; AMI acute myocardial infarction/ischemia; /-B blunt injury; Z-S sharp instrument 
injury 


8.4.1.2 Methods 
TaqMan RT-PCR and Relative Quantification of mRNA 


TaqMan RT-PCR was performed with the use of the TaqMan EZ RT-PCR kit on an 
ABI PRISM 7700 Sequence Detector (PerkinElmer Applied Biosystems, Foster 
City). The contents of the amplification mix and the thermal cycling conditions 
were set according to the accessory protocols. Amplification of GAPDH (glyceral- 
dehyde 3-phosphate dehydrogenase) mRNA was performed as an endogenous ref- 
erence together with GLUT! and VEGF mRNAs. Primers and probes for GLUTI, 
VEGF, and GAPDH mRNA were synthesized according to Refs. [20, 21] and the 
GeneBank nucleotide database, with probes spanning the junction of bordering 
exons. According to the manufacturer’s instructions, the relative quantification of 
mRNA transcripts was carried out using the comparative threshold method. The 
expression levels of GLUT1 and VEGF mRNAs were expressed as the ratios of the 
targets normalized against an endogenous reference (GAPDH mRNA), and then 
ratios for fold change relative to a calibrator sample were obtained. The calibrator 
was obtained from a case of peracute death with accidental decapitation (ca. 24 h 
postmortem). 
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Immunohistochemistry of GLUT1 and VEGF in the Lung, Kidney, and Skeletal 
Muscle 


Serial sections 5-um thick were prepared from formalin-fixed paraffin-embedded 
brain tissue specimens. Polyclonal rabbit anti-VEGF (SC-507; Santa Cruz, CA, 
diluted 100-fold) and polyclonal rabbit anti-GLUT1 (ab14683, abcam, diluted 100- 
fold) were used in a universal streptavidin/biotin immunoperoxidase detection sys- 
tem (OmniTags kit) followed by color development with DAB (Dako, Japan) 
according to the manufacturer’s instructions with counterstaining with hematoxy- 
lin. Endogenous peroxidase was inactivated by incubation with 0.3% hydrogen per- 
oxide for 15 min. For a control study to confirm the specificity of immunostaining, 
phosphate-buffered saline was substituted for the primary antibody. 


8.4.1.3 Results 
Dynamic Range of TaqMan Real-Time RT-PCR 


Purified RT-PCR products of GLUT1, VEGF, and GAPDH mRNAs were used as 
samples to establish standard curves for determining the dynamic range of the real- 
time RT-PCR assays. The standard curves were linear over four orders of magnitude 
with regression coefficients over 0.999. Intra-assay and inter-assay coefficients of 
variation within these dynamic ranges were less than 8.0%. Electrophoresis of the 
RT-PCR products of total RNA validated the specificity of amplificons. 


Quantitative Assays of mRNAs in Relation to Gender, Age, and Postmortem 
Interval 


The total cases showed no gender-related difference in GLUT1 and VEGF mRNA 
quantification for each tissue and no significant correlation between mRNA quanti- 
fication and postmortem interval (r = 0.05—0.20; P = 0.25—0.87). Mild age-dependent 
elevations of GLUT1 (r = 0.30; P < 0.05) and VEGF (r = 0.38; P < 0.05) mRNA 
were seen in the skeletal muscle, but not in the lung and kidney. 


GLUTI and VEGF mRNA Quantification with Regard to the Cause of Death 


In the lung, both GLUT1 and VEGF mRNAs showed significantly lower levels for 
subacute deaths (survival time, 1—24 h) than for acute deaths (survival time < 1 h) 
from blunt injury. VEGF mRNA showed a further decrease for delayed deaths (sur- 
vival time > 24 h) from head injuries. In the skeletal muscle, both GLUTI and 
VEGF mRNA showed higher levels for subacute deaths than acute deaths from 
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Fig. 8.4 GLUTI and VEGF mRNA quantification with regard to the cause of death. *P < 0.05, 
Scheffe test for multicomparisons in blunt injury; *P < 0.05, Mann-Whitney U test; I-B-a, acute 
blunt injury death (ST < 1 h); I-B-b, subacute blunt injury death (1 h < ST < 24 h); I-B-c, delayed 
blunt injury death (24 h < ST < 1 week); I-S-a, acute sharp instrument injury death (ST < 1 h); 
I-S-b, subacute sharp instrument injury death (1 h < ST < 24 h); significant differences were not 
found between the blunt injury cases with and without head injury. Refer to Zhao et al. [19] 
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blunt injury. GLUT1 mRNA showed a further elevation in delayed deaths from head 
injury. Sharp instrument injury cases showed similar findings. In the kidney, GLUT 1 
mRNA was regulated for subacute deaths compared with acute deaths from blunt 
injury, although the change in VEGF was smaller than that observed in the lung or 
muscle (Fig. 8.4). 


Immunohistochemistry 
Immunoreactivity of GLUT1 was clearly found in erythrocytes and areas close to 


capillaries in the lung and skeletal muscle. VEGF showed immunoreactivity in the 
peripheral areas of the skeletal muscle and the type II epithelial cells in the lung 
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Fig. 8.5 Immunohistochemistry of GLUT1 and VEGF in the lung and skeletal muscle. Subacute 
death from blunt injury (74-year-old female, survival time, ca. 6 h; ca.28 h postmortem): GLUT1 
(a) and VEGF (b) in the skeletal muscle; GLUT1 (c) and VEGF (d) in the skeletal muscle. GLUT1 
immunoreactivity is seen in erythrocytes and areas close to capillaries in lung and skeletal muscle. 
VEGF shows immunoreactivity in the peripheral areas of the skeletal muscle and type II epithelial 
cells in the lung. Refer to Zhao et al. [19] 


(Fig. 8.5). In the kidney, cytoplasmic immunoreactivity for GLUT1 and VEGF was 
found in tubular epithelial cells of the renal cortex. Renal GLUT 1-immunoreactivity 
showed a dependency on survival time: immunostaining was hardly detected in 
acute deaths, partly in the tubules in some cases of subacute death, and intensely in 
most cases of delayed death. Such a time-dependency was not found for VEGF, but 
some of the delayed deaths showed perinuclear or nuclear immunostaining of 
VEGF, which was hardly seen in acute/subacute deaths (Fig. 8.6). 


8.4.1.4 Experimental Conclusions and Significance of the Study 


The present study investigated GLUT1 and VEGF expression by quantitative RT-PCR 
and immunostaining in autopsy specimens of the lung, kidney, and skeletal muscle. 
With regard to the cause of death and survival time of injury cases, characteristic 
results were found in blunt injury cases. Both GLUT1 and VEGF mRNAs showed 
lower levels in the lung and higher levels in the skeletal muscle for subacute deaths 
than for acute deaths from blunt injury. This suggests a tissue-specific physiological 
response to longer periods of circulatory failure and hypoxia; depression of VEGF and 
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Fig. 8.6 Immunohistochemistry of GLUT1 and VEGF in the kidney. (1) Acute death from blunt 
injury (50-year-old female; survival time, less than 0.5 h; ca. 30 h postmortem): GLUT1 (a-1) and 
VEGF (b-1) in the skeletal muscle. (2) Subacute death from blunt injury (74-year-old female; 
survival time, ca. 6 h; ca. 28 h postmortem): GLUT1 (a-2) and VEGF (b-2) in the skeletal muscle. 
(3) Subacute death from blunt injury (90-year-old female; survival time, ca. 23 h; ca. 21 h postmor- 
tem): GLUTI (a-3) and VEGF (b-3) in the skeletal muscle. (4) Delayed death from blunt injury 
(52-year-old female; survival time, ca. 48 h; ca. 19 h postmortem): GLUT1 (a-4) and VEGF (b-4) 
in the skeletal muscle. Cytoplasmic immunoreactivity of GLUT1 and VEGF is seen in tubular 
epithelial cells (arrows) of the renal cortex. The delayed death case shows intense GLUT! immu- 
noreactivity and perinuclear or nuclear immunostaining of VEGF in tubular epithelial cells (arrow- 
heads). Refer to Zhao et al. [19] 
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GLUT 1 expression can be considered an indicator for increased alveolar epithelial 
damage. However, muscle cells may actively respond to cellular oxygen deficiency 
resulting from longer-term peripheral blood circulation insufficiency. GLUT] mRNA 
showed a further decrease in the lung and an increase in the skeletal muscle in delayed 
death cases due to head injury, suggesting a longer-lasting mRNA induction of GLUTI 
when compared with VEGF. Additionally, significant differences were not found 
between blunt injury cases with and without head injury. The results of immunohisto- 
chemistry in this study could better validate the changes of mRNA of the tissues. 

In conclusion, the present study suggested tissue-specific differences in the 
mRNA quantification of GLUT1 and VEGF depending on the survival time after 
injury in autopsy cases. These findings shed light on tissue ischemia/hypoxia and 
subsequent tissue-dependent pathophysiological changes leading to death after 
injury [19]. 


8.5 Perspective 


Animal experiments are a driver of the development and improvement of biomedi- 
cal technology and support scientific research. Regardless of their application, in 
clinical medicine and technology or the research and development of new drugs, 
only after treatments have been sufficiently proven to be safe and reliable in animal 
experiments can they successfully pass review and approval and be used in humans. 
In addition, animal experiments are an important component of medical education, 
and the training of medical staff relies on animal experiments. Similarly, in forensic 
medicine, animal experiments can simulate trauma, poisoning, and other unnatural 
deaths, and this provides a theoretical foundation for basic research studies in foren- 
sic science. In addition, any processes that involve violence, disease, pathophysio- 
logical processes, pathological morphology changes, administration of problematic 
drugs, pharmacological effects, the process of death, and changes during death can 
be examined using animal experiments. 

The use of mature molecular biology techniques and methods to solve actual 
problems in forensic science is widely acknowledged. In recent years, the varied 
patterns of cadaveric DNA, RNA, and proteins have been studied by many research- 
ers to deduce the cause and time of death. In the last few decades, research on the 
HIF family has greatly enhanced our understanding of ischemia and hypoxia in tis- 
sues and organs. HIF-1 research has expanded to various fields such as basic medi- 
cal sciences, clinical medicine, and biomedical sciences. Detection techniques such 
as immunohistochemistry, immunofluorescence, Western blotting, and RT-PCR are 
gradually being applied in basic forensic research. Although HIF-1 occupies a cen- 
tral role in cellular hypoxic responses and its research prospects and application 
value are acknowledged, HIF-1 activation and the process by which it participates 
in hypoxic signal transduction are still not fully understood, because of the com- 
plexity of its regulatory pathways. Therefore, more scientific experiments, particu- 
larly basic research using animal models, need to be conducted to continue to 
explore and validate previous theories and better apply theoretical results to actual 
forensic practice. 
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Chapter 9 A 
Cultured Cell Experimental Models gasa 


Naoto Tani, Tomoya Ikeda, Shigeki Oritani, Tomomi Michiue, 
and Takaki Ishikawa 


Abstract A great advantage of cell culture-based studies is the ability to control the 
physical/chemical environment, including temperature and oxygen partial pressure, as 
well as the physiological environment, including the presence of molecules such as 
hormones and metabolites, by manipulating culture medium composition and ambi- 
ent conditions. Although the pathophysiology of changes of the physiological and 
physical/chemical environments in culture systems has not been investigated in detail, 
we believe that a deeper analysis of the ingredients of culture media and the identifica- 
tion of growth factors necessary for cell proliferation (in other words, characterization 
of the microenvironment for cells, which is mainly based on culture medium) will 
provide a deeper understanding of cellular functions and cell-cell interactions. 


Keywords Cultured cell - Forensic - Hypoxia/ischemia - Death process - Oxygen 
electrode - Dissolved oxygen - iPS cell 


9.1 Changes in Hormone Secretion During Hypoxia 


It has been reported that humans secrete growth hormone (GH) in hypoxic environ- 
ments [1, 2]. However, neither blood nor cerebrospinal fluid samples from autopsies 
have provided definitive confirmation of this, although it is not possible to uncondi- 
tionally refer to the pathophysiology in pure hypoxic conditions [3]. Yoshida et al. 
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conducted a study on pituitary adenoma cells (GH3) under hypoxia and reported the 
upregulation of CXCR4, which is a receptor of chemokine stromal cell-derived fac- 
tor, and suppression of inhibin, which is a TGF-B family protein involved in intra- 
cellular signaling [4]. Based on the fact that it 1s generally regarded that inhibin 
suppresses GH production and secretion [5], it has been speculated that hypoxia- 
induced reduction of inhibin expression in GH3 cells led to the removal of GH sup- 
pression and subsequent overproduction. Although this leads us to speculate that 
GH level increases in hypoxic environments, the fact that autopsies reveal no 
changes in GH levels after hypoxic incidents such as suffocation indicates that isch- 
emia, rather than hypoxia, influences the brains of humans [3]. 

In autopsies, it is important to distinguish between suffocation caused by cervi- 
cal compression and/or smothering and cases of sudden death from endogenous 
causes such as acute ischemic heart disease [6—10]. A variety of examinations have 
been performed in this regard, not only from pathomorphological but also from 
biochemical and molecular biological perspectives. Thyroid hormones are thought 
to be indicators of direct physical stimulation of the thyroid gland by cervical com- 
pression [11—16]. However, previous examinations of cadaver blood have revealed 
that cervical compression causes an increase in thyroglobulin (Tg) and/or triiodo- 
thyronine (T3) levels, while the levels of thyroxin (T4)- and thyroid-stimulating 
hormone (TSH) remain in a near normal range [17]. It has been speculated that 
these results may not be due to modulation of the hypothalamic—pituitary—thyroid 
axis but rather to alterations in the agonal stage or postmortem changes. It has also 
been recently reported that changes in thyroid hormones occur not only in suffoca- 
tion but also in head trauma cases, where the changes included an increase in Tg 
level and a decrease in TSH level. It was concluded that these results were not due 
to regulation by the hypothalamic center but rather due to irregular secretions [18, 
19]. Thus, no consensus has been reached regarding changes in thyroid hormone 
levels with respect to them being considered as indicators of suffocation by cervical 
compression. Therefore, T3, T4, Tg, and TSH levels in suffocation-related patholo- 
gies such as drowning and acute carbon monoxide poisoning, head injury death, as 
well as suffocation death were preliminarily investigated. As a result, T3 and T4 
levels were elevated in asphyxia and acute head trauma, and it became clear that 
there were certain associations with histopathological changes [20, 21]. 

Based on these results, the authors speculated that the increase in thyroid hormone 
levels were neither due to secretion induced by physical stimulation of the thyroid 
gland or by cervical compression nor due to postmortem changes but rather due to a 
change in thyroid hormone level due to hypoxia/ischemia [22]. Thyroid hormone 
secretion is controlled by a number of hormones. The main hormone is TSH secreted 
by the anterior pituitary gland [23, 24]. TSH facilitates reabsorption by follicular 
epithelial cells of Tg accumulated in thyroid follicles. The reabsorbed Tg is digested 
in intracellular lysosomes to release T3 or T4 to the exterior of the follicles and then 
into capillaries for subsequent systemic circulation. Among thyroid hormones, T4 is 
converted to T3 by type I deiodinase in the liver and kidneys. T3, although account- 
ing for only approximately 2% of all blood thyroid hormones, is known to have a 
physiological activity several-score times higher than T4. Previous in vivo examina- 
tions have revealed that responses of the pituitary—thyroid axis in exposure to hypoxia 
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at altitude showed increased serum T3 and T4 levels along with an increase in serum 
total protein level, although no change in TSH level was observed [25, 26]. In addi- 
tion, an experiment that exposed rats to hypoxia revealed increases in type 3 deiodin- 
ase (D3), an enzyme that converts T4 to inactive 3,3’,5’-triiodothyronine (rT3) [27, 
28]. However, in humans, the following remain unclear: 


1. Thyroid physiological mechanism that is strongly influenced by the state of 
hypoxia/ischemia. 

2. Relationship between the increase in D3 and rT3 or T3 due to low oxygen. 

3. Evaluation of free T3 and free T4 acting as activation hormone upon the mea- 
surement of T3 and T4 levels. 

4. Endocrinological change of the pituitary—thyroid associated with hypoxic ischemia. 

5. Studies on hormone level changes that use cultured cells are rare. Although it 
was reported by Rhee et al. that hypoxia-inducible factor-la@ was expressed in 
thyroid anaplastic carcinoma in response to hypoxic stimulation [29], no 
researchers have examined how thyroid-related hormones actually act. 


In addition, we regard that pituitary hormones under hypoxia are a future subject 
for examination because they have been barely examined. 


9.2 Examination of Cellular Activities Using Dissolved 
Oxygen Meters 


9.2.1 Influences of Psychotropic Drugs on Various Cell Types 


Animal experiments are essential for the evaluation of drug toxicity. However, such 
experiments cannot provide information of a drug’s action on a single cell/tissue. 
Therefore, as a substitute for animal experimentation, Ishikawa et al. monitored the 
influence of drugs on cellular metabolic control and activity by measuring cellular 
respiration (Fig. 9.1) [30, 31]. 

The sensitivities of a number of cells to a number of drugs were tested. The cells 
used included human fetal myocardial cells, skeletal muscle cells, neurons, gastric 
mucosa epithelial cells, pituitary cells, adrenocortical cells, hepatocytes, pancreatic 
exocrine cells, and renal epithelial cells. The drugs were Cercine, Serenace, 
Hirnamin, Cisplatin, and Adriamycin. The number of cells in the experiments was 
2 x 106 cells/2 mL or 2 x 105 cells/200 uL, and drug concentration was 10 pg/mL 
in both cases. Drug sensitivity was assessed by the slope of the line drawn between 
the dissolved oxygen concentrations at the start and at the end of the assay. The result 
indicated that the sensitivities of the cell types, even to the same drug, varied consid- 
erably in an organ-dependent manner. Respiration of myocardial cells was suppressed 
most strongly by Serenace, which is supposed to be strongly neurergic, and most 
weakly by Hirnamin. A dissolved oxygen meter, which facilitates the investigation of 
toxicity to each organ rather than to an individual organism, could therefore be very 
useful for investigating the in vivo distribution of a drug in toxicological testing. The 


N. Tani et al. 


150 


6T-T:LIOT ‘TOS PlOAY 
“Te 19 BMBYIYS] pUe [0E] Te 19 PMLYIYS] Woy poyipow pue pA ‘AMAN MJOQLU JO UONVIPUI UL se UONIIdsal Ie[N][IO UI s ay) Jo s[diouLlg T'6 ‘BIA 


z wedezeiq 

| wedezeig 

Z BpuojyoopAy uldiIqnioxog 
| Əpuojyo01pAy ulsiqnioxog 
z ulye|dsig 

| uneldsio 

gz |opledojey 

| jopuedojeH 

Z ayegseW sUuIZeWOIdeWOAE 7] 
| Əeəjewu SUIZeWOJdeWOAE 7] 
wnipəwu 


-0- 
-=-= 
7- 
= 
-Q- 
=— 
-~$- 
x- 2 
a = 
= 





wedaezeiq IM 002/SII29 OL Z 40 |W 2/s||a0 904x Z UNO ||9D 
‘uloiqnioxog ‘ulyesdsig ‘JopuadojeH ‘Suizewoidawona] 
: poulwexe shrug Sd4 %04 payuewajddns Jayjngq sada} 


‘WNIPƏN ZLA/NAWG :wnipew ainyjnd 
*uəßAÁxo Jo uodwnsuos peonps ul Bunjnsə uolesdseal Jenja Aq 
‘uoneidses aseasdap JO dos s|ja0 paunyjno ajqudsosns səsgə1əp UO!}EJ]UBDUOD UBHAxXO 
OUI} Ul} 
]99 PSsNyIND /M 


jJUR]SISOI W9 40 |W / SIIBE9 90L x 2 G) 


IND 40 UZ / SII8990k SLO 


e = om es = = C8 
= 
= 


ajqudeosns `s 


_ a = a ae es sew iw sw = == ap 
> = 


S]]99 PeinynNdS O/M = ~ 


(uoņenuavuos Žo) 
Įua una 91149913 


© 
N M 
D 
O 
0 2 
55, 
oo 
32 
= 
= 2 
2 o 
os 
= | 
— 


juebe saoueonue + 


S]]20 Peunyjno+uuNipew S]]20 Peunyjno+uuNIpew 





9 Cultured Cell Experimental Models 151 


fact that Serenace, which was developed as a neurergic drug, is more likely to be 
toxic to the myocardium than to neurons indicates that care must be taken in the use 
of this drug not only in pharmacology but also in clinical setting. Clinically, it 
appears to be necessary to develop a new drug that is more specific to the nerves. 

Additionally, sodium azide, which is used as a preservative, is known to be 
acutely toxic. However, its toxicity to individual tissues has not been clarified. An 
examination of the sensitivity of human fetal cells to sodium azide from the view- 
point of cellular respiration, in which the level of sodium azide was set from 0.01 ng/ 
mL to 10 mg/mL, found that neurons and myocardial cells were more sensitive than 
fibroblasts, hepatocytes, and renal cells. This indicates that sodium azide is likely to 
act most strongly on the central nervous and/or the circulatory systems [31]. 


9.2.2 Examination of Bacterial Susceptibility to Antibiotics 


The concept of the study on the activities of cultured cells with regard to dissolved 
oxygen levels in the culture medium has also been considered being applied to bac- 
terial susceptibility to various drugs. Amano et al. suggested that the oxygen elec- 
trode method would be highly effective in replacing animal experiments in bacterial 
drug susceptibility tests [32]. 

Tezuka et al. examined the susceptibility of Actinobacillus actinomycetemcomi- 
tans (A. a.), a periodontal pathogen, to various antibiotics [33], and it was shown 
that A. a. exhibits similar proliferative tendencies under both aerobic and anaerobic 
environments, even though it is an anaerobic gram-negative bacterium. 

Using a dissolved oxygen meter, oxygen consumption over time was measured, and 
it was shown that dissolved oxygen volume decreased proportionally with the number 
of proliferating A. a. cells. In the presence of tetracycline or minocycline, 1.e., antibiotics 
to which A. a. is highly susceptible, both proliferation and oxygen consumption were 
significantly suppressed in a drug dose-dependent manner, whereas no change was 
observed in oxygen consumption in the presence of bacitracin or vancomycin, antibiot- 
ics to which A. a. is resistant. These results indicate that a drug susceptibility test using 
a dissolved oxygen meter is useful when applied to A. a., a periodontopathogenic facul- 
tative anaerobe, enabling rapid assessment of the effects of antibiotics on the microbe. 


9.2.3 Rapid Assay for Anticancer Agent Susceptibility by 
Means of an Oxygen Respiration Assay 


Ishikawa et al. developed a simple and rapid, yet accurate, method for assessing 
the efficacy of various anticancer agents on cancer cells, in other words drug sus- 
ceptibility [34, 35]. They measured changes in the respiration of cancer cells as a 
surrogate for changes in their metabolic activity to study their susceptibility to 
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anticancer drugs. As mentioned above, the higher the activity of a cell, the more 
the oxygen consumption increases; conversely, the lower the activity, the more 
their oxygen consumption decreases. Therefore, more effective anticancer agents 
should produce greater cellular oxygen consumption decreases. Based on this 
hypothesis, the authors used a dissolved oxygen meter that can monitor the respi- 
ration of cancer cells in real time [34, 35] in conjunction with cell lines derived 
from uterine cancer, cervical squamous cell carcinoma, ovarian serous adenocar- 
cinoma, ovarian mucinous adenocarcinoma, choriocarcinoma, carcinosarcoma, 
teratoma, neuroblastoma, melanoma, and gastric cancer, in addition to dissociated 
cells from cancer tissues. These cells were treated with various anticancer agents: 
etoposide (vp-16), cisplatin (CDDP), methotrexate, mitomycin, cyclophospha- 
mide, doxorubicin, pirarubicin hydrochloride, irinotecan hydrochloride hydrate, 
and epirubicin hydrochloride [34, 35]. As a result, they reported that when using 
an oxygen electrode apparatus, it was possible to screen for the optimal anticancer 
agent and determine its optimal concentration in only 15 h. The results obtained 
by this method were almost entirely consistent with those obtained with an MTT 
assay, which tests for viability and proliferation rates of cultured cells, as well as 
those from studies using tumor-bearing nude mice. The authors also mentioned 
that this apparatus is also most suitable for the assessment of the synergistic effect 
of anticancer agent combinations because it measures changes in cellular respira- 
tion in real time while keeping them alive, thus differentiating it from conven- 
tional methods. 

Development of an apparatus that can double-check 30 types of anticancer 
agents, which are available for practical use at medical care sites, at five different 
concentrations each, and its full automation, is ongoing. 


9.3 Application of Human iPS Cells to the Field of Forensic 
Medicine 


9.3.1 Preparation of Cellular Models Using iPS Cells 
for the Elucidation of Pathophysiology of Diseases 


In the field of forensic medicine, research using iPS cells has not been established as 
the main theme yet. However, disease-specific iPS cells prepared from autopsy speci- 
mens have been recently used to help in the assessment of antemortem functional 
diseases. More specifically, Kasuda et al. recently used iPS cells to elucidate the 
pathology of septicemia as well as to develop a novel method for its treatment [36]. 
The basic pathology of septicemia is the systemic increase of inflammatory cytokines, 
which is termed systemic inflammatory response syndrome (SIRS). SIRS impairs 
systemic vascular endothelial cells and results in leakage of vascular contents due to 
vascular endothelial cell damage. This induces pulmonary edema arising from hypo- 
volemic shock, thereby increasing mortality due to septicemia. Moreover, tissue 
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factor, which is exposed on the surface of damaged endothelial cells, causes abnor- 
malities in the blood coagulation system and triggers disseminated intravascular coag- 
ulation, which leads to multiple organ failure from microenvironmental disorders that 
can lead to death. It has been reported that angiotensin-converting enzyme-positive 
cells from myeloid-derived precursor cells or human ES cells can increase the survival 
rate of septicemic mice upon induction of differentiation [37]. However, differentia- 
tion induction of human ES cells to form an embryoid body (EB) uses a very compli- 
cated and impractical culture method. Kasuda et al. successfully induced iPS cells to 
differentiate into mesodermal EBs (hematopoietic-like EB) using a simple method 
[36]. Meanwhile, it is known that at low concentration, sphingosine-1-phosphate 
(S1P) acts to maintain the integrity of vascular endothelial cells via Rac [36], a low- 
molecular-weight G protein. Conversely, it is known that at high concentration, S1P 
disrupts vascular endothelial cells via Rac [36]. 

Thus, if a hematopoietic-like EB had some effect on septicemia, S1P would neces- 
sarily be supposed to be involved in the effect. Based on this, Kasuda et al. examined 
the expression of the mRNA of the S1P-producing enzyme (sphingosine kinase) by 
the EBs they prepared, after first confirming successful differentiation into mesoder- 
mal cells using RT-PCR. As a result, they found that EBs act to maintain the integrity 
of vascular endothelial cells and that this was due to the production of S1P [36]. 


9.3.2 Elucidation of the Pathophysiology of Poisoning Cases 
Using iPS Cells 


Diagnosis of poisoning-related deaths that generally lack specific pathological 
findings is substantially dependent on toxicological test results. However, a defi- 
nite toxicological finding cannot necessarily be obtained in cases involving drug 
abusers or those where death is protracted. Since a lethal adverse reaction can 
develop even at a therapeutic concentration range, it can be difficult to determine 
the cause of death in some cases. In a case of anaphylactic shock arising from a 
drug, which is rarely dependent on drug concentration, the drug is frequently an 
influential factor on the death even if it was used at a very low concentration 
[38—40]. In addition, in cases of death from anaphylactic shock, there is often 
little specific staining of pathologic diagnosis markers of anaphylaxis, such as 
tryptase and histamine, immediately after the shock [41—45]. From such a view- 
point, the drug cytotoxicity test is important. In animal experiments, drugs are 
orally administered, intravenously or intramuscularly. After homogenizing the 
tissue, the target substance is isolated and quantified by various extraction meth- 
ods. Therefore, the mutual relationship between drug and cell or drug and intra- 
cellular organelle will be disrupted by the extraction [46]. Moreover, in the case 
of unknown drugs, qualitative/quantitative analysis of a cytotoxicity-related tar- 
get substance is supposed to be performed by means of gas chromatography and/ 
or high-performance liquid chromatography. On the one hand, these are superior 
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assays, but on the other hand, they are time-consuming and differ depending on 
the substance in question and its metabolites; it is not uncommon that those who 
are unaccustomed to the extraction of the molecule cannot identify it. From this 
viewpoint, cells that are derived from human iPS cells and represent a particular 
organ are gaining attention as a new tool for use in drug toxicity screening [47]. 
Drug-induced liver injury (DILI) is classified into “intrinsic” and “idiosyncratic” 
types [48-58]. The “intrinsic” type, in which the drug in itself has a hepatotoxic 
action, is dose-dependent. In contrast, the idiosyncratic type does not share these 
characteristics, develops at a very low incidence, and causes serious hepatopathy 
in only specific individuals and patients. Takayama et al. examined whether or 
not they could detect intrinsic DILI using human iPS cell-derived hepatocytes 
prepared using a unique differentiation induction method that they developed 
[59]. Using this system, they reported that they could confirm concentration- 
dependent cytotoxicity in 18 out of 22 types of compounds known to be hepato- 
toxic, indicating that the hepatotoxicity of reactive metabolites produced through 
metabolism by cytochrome P450 (CYP) can be detected using human iPS cell- 
derived hepatocytes [59]. 

Meanwhile, idiosyncratic DILI, which does not have the characteristics seen in 
intrinsic DILI and has a very low incidence, is considered to be difficult to predict. 
However, using human iPS cell technology may enable the prediction of idiosyn- 
cratic DILI, since human iPS cells, prepared from an individual that exhibits idio- 
syncratic DILI, might truly reproduce the pathology. Therefore, Takayama et al. 
[60, 61] established 1PS cell lines from primary human hepatocytes (PHHs) from an 
individual with an average CYP2D6 activity (PHH-C-iPS cells) and from PHHs 
from an individual with a CYP3D6 (CY P2D6*4/*4) genotype, known to be a poor 
metabolizer (PHH-PM-iPS). They then examined whether or not individual differ- 
ences in drug responses caused by the single-nucleotide polymorphism (SNP) dif- 
ference in the CYP2D6 gene could be predicted using the human iPS cell-derived 
hepatocytes. Individuals who possess an SNP that causes near disappearance of 
CYP activity are called poor metabolizers (PMs), and after differentiation induction 
of PHH-C-iPS cells and PHH-PM-iPS into hepatocytes, their CYP2D6 activity was 
assayed. Desipramine, which is detoxified by CYP2D6, was then used to treat the 
IPS cell-derived hepatocytes to look for any differences in cytotoxicity. PHH-PM- 
iPS-cell-derived hepatocytes exhibited significantly lower CYP2D6 activity than 
PHH-C-iPS-cell-derived hepatocytes. Because PHH-PM-iPS-cell-derived hepato- 
cytes are unable to metabolize desipramine, its cytotoxicity developed at a much 
lower concentration than that in PHH-C-iPS-cell-derived hepatocytes [59-61]. 
These results suggest that it might be possible to predict idiosyncratic DILI caused 
by metabolic idiosyncrasies using human iPS cell-derived hepatocytes and are 
likely to lead to future development of a personalized diagnosis technology for 
allergies such as anaphylaxis. 
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Chapter 10 A 
Future Perspectives gag 


Tomoya Ikeda, Naoto Tani, and Takaki Ishikawa 


Abstract Biochemical and molecular biological testing and toxicological and 
DNA testing are useful for reinforcing diagnostic grounds established on pathomor- 
phological testing by visualizing functional changes based on autopsy findings. 
These tests are essential for determining the cause of death and evaluating the dis- 
ease condition and hence should be included in all accurate autopsy procedures. 
Systematic testing in autopsies is useful for screening underlying diseases and pro- 
viding explanations of the death process and complications based on objective eval- 
uations and evidence. When considered from the viewpoint of precision management 
and quality preservation, tests involving nonsystematic, single indices are not very 
useful. In terms of autopsy diagnosis, test results from animal models, which are not 
based on human pathophysiology, have little significance, at least in the field of 
forensic science. Routine biochemical tests should be accurately performed in 
autopsy cases that require diagnosis of the highest precision; the application of such 
testing to nonautopsy cases and efficacy of using animal models can only be consid- 
ered in terms of databases. 


Keywords Future perspectives - Forensic autopsy - Forensic toxicology - Molecular 
biology - DNA analysis 


10.1 Outline of Tests 


Biochemical tests for elucidating the cause of death and pathophysiology include the 
analysis of (a) markers for general condition to detect biological activity atrophy in 
circulatory, respiratory, metabolic, and central nervous systems and for general 


T. Ikeda (x) - N. Tani - T. Ishikawa 
Department of Legal Medicine, Osaka City University Medical School, Abeno Osaka, Japan 


The Medico-legal Consultation and Postmortem Investigation Support Center (MLCPI-SC), 
Osaka, Japan 

e-mail: Ikeda.tomoya@ med.osaka-cu.ac.jp; ml 5mct0q08 @st.osaka-cu.ac.jp; 

takaki@ med.osaka-cu.ac.jp 


© Springer Nature Singapore Pte Ltd. 2019 159 
T. Ishikawa (ed.), Forensic Medicine and Human Cell Research, Current Human 
Cell Research and Applications, https://do1.org/10.1007/978-98 1 -13-2297-6_10 


160 T. Ikeda et al. 


biological vital reactions and metabolic disturbances and (b) tissue-specific markers 
for detecting tissue injury to life-supporting organs, including the heart, lungs, and 
brain. The characteristics of biochemical markers in autopsy include rapid reaction 
after the onset of illness or injury (physical invasion), post-death stability, efficient 
discrimination (specificity and sensitivity), low cost and ease of use, simple/rapid 
analysis for screening, standardization, and accurate management/quality assurance 
[1]. While DNA and RNA, which are the ultimate molecular biological markers, are 
scientifically simple, most biochemical markers are quantitatively stable but have a 
complicated chemical structure and diverse chemical properties [1—3]. Accordingly, 
a diverse range of methods 1s required to analyze such biochemical markers. However, 
the use of a standardized method may help in establishing standard or cutoff values. 
Meanwhile, DNA and RNA analyses in molecular biology comprise microanalysis, 
and because RNA evaluation particularly involves relative quantities using intrinsic 
reference materials, it constantly has to be tested along with control cases or sites [3]. 


10.2 Application to Autopsies 


The use of forensic biochemical and molecular biological tests offers significant 
advantages, such as the analysis of general pathophysiological and functional 
changes in the death process. Due to the fact that pathology during the death process 
significantly differs between cases for all causes of death, the application of these 
tests is not limited to functional diseases and injuries which lack specific morpho- 
logical findings, such as death due to cold, hyperthermia, or metabolic disturbances. 
In other words, the death process is not uniform for deaths caused due to physical 
trauma, such as injuries, asphyxiation, drowning, poisoning, fire, or electrocution, 
as well as for sudden deaths, such as those due to cardiac or cerebrovascular dis- 
eases. Therefore, biochemical testing could be useful for analyzing such differences 
in individual cases [4—11]. If biochemical testing could serve as a useful supporting 
evidence for pathological findings by demonstrating the typical condition of death 
and processes of each disease and injury, nontypical deaths or unusual factors, such 
as underlying diseases, could also be clarified. 

Thus, systematic biochemical testing during autopsy may be useful for screening 
underlying disease by exclusion, evaluation of the death process and associated 
complications, and providing evidence-based explanations. Moreover, its useful- 
ness has already been established. However, from the viewpoint of accuracy man- 
agement and quality preservation, simple tests with nonsystematic, single indices 
are not effective. Routine analysis, including sample collection from multiple sites 
and evaluation of multiple markers, is required for appropriate application and eval- 
uation. Therefore, these tests should not only be performed for research purposes 
but also for executing the responsibility of autopsy diagnosis. If new markers could 
also be incorporated into routine tests, databases could be promptly prepared, and 
when made publicly available, such efforts would be recognized at both academic 
and social levels. Accordingly, there is substantially considerable significance in 
conducting various tests in the course of detailed testing during autopsy and 
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comprehensively analyzing the results. Various tests should be routinely and appro- 
priately conducted, particularly for autopsy cases requiring the highest level of pre- 
cise diagnosis. The application of this testing to postmortem examination cases and 
its efficacy could only be discussed once the results are entered into a database. 
These methods are essential for determining evidence-based cause of death and 
pathological evaluation of the death process. Systematic analysis of forensic bio- 
chemical and molecular biological test findings could enable the evaluation of com- 
plex fatal pathologies and physiological changes. 


10.3 Limitations to Application in Autopsy 


Similar to clinical biochemistry, postmortem biochemistry in autopsies depends on 
the sample collection quality. Thus, the greatest limitation in performing postmor- 
tem biochemistry is securing the sample quantity and possibility of contamination 
by other components. Very small amount of sample can be collected from pediatric 
and severe injury cases, thus making it impossible to perform sufficient tests. 
Furthermore, it is necessary to check the quality of each sample by routinely testing 
for contamination, presence of hemolysis (marker for autolysis/putrefaction), and 
serum protein/protein fractions. Under these conditions, biochemical findings that 
form the ground for diagnosing the cause of death and pathologically evaluating the 
death process should be evaluated when considering changes in the agonal and post- 
mortem stages based on the autopsy data. Ultimately, these results need to be com- 
prehensively evaluated together with findings from various other tests, including 
macroscopic, histomorphological, toxicological, and microbiological findings. 
Although animal experiments may be useful for investigating or verifying hypoth- 
eses derived from autopsy findings, the limitations due to differences in body size 
and anatomical composition and simulations of the death process should be consid- 
ered. For instance, animal models for death due to cold are commonly created using 
mice; however, there are few autopsy cases of simple death due to cold in Japan. 
Such cases are strongly affected by underlying diseases or toxins, such as alcohol or 
psychotropic drugs. In addition, if rodents, such as mice, are exposed to cold and 
anesthetized, they slip into a state similar to hibernation and can therefore no longer 
be described as a mouse model for cold. 

In such cases, the quality of medical data evidence obtained from animal experi- 
ments is poor. Accordingly, extreme care must be taken when applying animal 
experiment data to autopsy diagnosis. 


10.4 Future Outlook for Tests and Necessity 


While the perspectives of individual physicians engaged in performing autopsy 
diagnoses likely differ depending on the purpose of applying these test markers to 
autopsy work, diagnosing fatal metabolic disturbances is the most common reason 
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[7-11]. The disease and pathological diagnoses of conditions, such as diabetes and 
endocrine diseases, which produce limited morphological findings, are also useful 
for interpreting the death process by supporting and reinforcing morphological and 
toxicological findings [1, 2]. An even broader concept is the use of routine tests for 
screening the causes of death that cannot be predicted based on morphological find- 
ings. In such scenarios, tests accompanying autopsies could be described as the 
minimal necessary component for autopsy diagnosis [1, 2]. Although these tests are 
not effective without pathological and toxicological findings, they are certainly use- 
ful for experienced physicians. While each test finding does not have decisive sig- 
nificance, comprehensive evaluation of all test findings, including physical findings, 
is required. This is also important for social evaluation, accuracy management, and 
quality assurance of autopsy diagnosis. We would like to emphasize the need for 
including these tests in the routine autopsy framework. 

As discussed above, comprehensively and inclusively analyzing biochemical and 
molecular biology test findings together with morphological and toxicological find- 
ings can help to clarify complex types of pathophysiologies that may have caused 
death. These methods are essential in forensic science for diagnosing exogenous 
and endogenous death causes while comparing the consistency of the cause of death 
and death process between each finding. The findings may be related to the direct or 
underlying cause of death, external injuries or disease, survival time (hyperacute, 
acute, subacute, prolonged, or chronic), and condition of death (cardiac, respiratory, 
brain functional impairment, kidney failure, or liver failure) [3]. Of these, system- 
atic and cooperative developments for each test are of particular importance in 
forensic science to objectively visualize the grounds for morphological and patho- 
physiological diagnoses [12]. 

Accordingly, when attempting to perform an artificial operation prior to autopsy 
(e.g., puncture or angiography), special consideration is required to preserve the 
histological and biochemical state. 


10.5 Conclusion 


Various auxiliary diagnostic technologies focusing on pathomorphology have been 
developed and brought into practical use in autopsy fields, mainly including anat- 
omy, forensic medicine, and pathology, to objectively clarify the pathologies of 
various human diseases. Compared with existing technology for pathomorphologi- 
cal, toxicological, and DNA analyses, the methods used in the fields of biochemis- 
try and molecular biology for autopsy cases are truly cutting edge. In recent years, 
we have engaged in comprehensive data collection and analysis based on the estab- 
lishment and accuracy of systematic and cutting-edge auxiliary testing and diagnos- 
tic systems for various pathologies in autopsy diagnosis. As a result, we have 
clarified some of the pathophysiologies of various diseases, including cardiac, 
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respiratory, and central nervous system disorders. We believe that we should cur- 
rently focus on investigating how to evaluate these results and apply them to not 
only in forensics but also in clinical medicine in general. 

The combined use of biochemical and molecular biological testing offers the sig- 
nificant advantage of being able to analyze general changes in physical and patho- 
physiological functions in the death process. As the pathology of each case differs 
with respect to the death process, regardless of the cause of death, the application of 
these tests is not limited to clarifying functional diseases and injuries that lack spe- 
cific morphological findings, such as death due to cold, hyperthermia, or metabolic 
disturbances. The visualization of functional changes in autopsy cases which require 
diagnoses of the highest precision could reinforce the grounds for pathomorphologi- 
cal diagnosis. Biochemical and molecular biological test findings are therefore useful 
at such instances and should therefore be included in detailed autopsies from the 
viewpoint of managing social crises. Thus, these tests should be routinely performed 
for specific evaluation of causes of death and diseases and injuries in the death 
process. 

To improve the accuracy and objectivity of autopsies and increase social under- 
standing, subspecialities for performing routine work at each facility should be 
developed and made functional. Moreover, physicians should proactively engage 
in communicating information to the society as a whole for facilitating appropriate 
evaluation of the results through social contribution. It is particularly important to 
contribute to the society by utilizing highly objective testing methods, such as 
postmortem imaging, biochemical/molecular biological testing, and toxicological 
testing based on autopsy diagnosis to clarify complex pathologies resulting in 
death and to perform comprehensive and inclusive analysis of the autopsy 
findings. 

The views of individual forensic pathologists may differ regarding the applica- 
tion of such testing, including biochemical and molecular biological tests, to autopsy 
cases. The most common reason for application is the diagnosis of fatal metabolic 
disturbances; however, the tests are also useful for interpreting the death process by 
supporting morphological and toxicological findings. Based on these viewpoints, 
biochemical, molecular biological, toxicological, DNA, and imaging tests appear to 
be minimally necessary components for performing autopsies and making diagno- 
ses. No single test, such as biochemical test, is significantly decisive in analyzing 
the cause of death or pathology; therefore, all the test findings, including physical 
tests, must be comprehensively evaluated. This is also important for social evalua- 
tion, accuracy management, and quality assurance when performing autopsies and 
confirming the cause of death. We would like to emphasize the importance of imple- 
menting these tests as part of systematic autopsy diagnosis and routine autopsy 
protocol. 
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